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Preface
A human being should be able to
change a diaper, plan an invasion,
butcher a hog, conn a ship, design a
building, write a sonnet, balance
accounts, build a wall, set a bone,
comfort the dying, take orders, give
orders, cooperate, act alone, solve
equations, analyze a new problem,
pitch manure, program a computer,
cook a tasty meal, fight efficiently,
die gallantly. Specialization is for
insects.
The Notebooks of Lazarus Long,
Robert A. Heinlein (1978)
Magnetism has fascinated mankind for at least three millenia.
Lodestone, an iron ore (cf. figure 0.1), was investigated by many
scholars and philosophers in ancient times. At first, it was consid-
ered a magical stone. It attracts other pieces of lodestone and can
grant its powers to toolsmade of iron. An early technological appli-
cation of those studies was the navigational compass. It has been
known in Ancient Greece and in China since the Era of Warring
States. Many centuries later, the compass became one of the most
important tools, during the Age of Discovery.
Figure 0.1: Lodestone in the Hall of
Gems of the Smithsonian. Attached
to the mineral are paper clips, which
have become magnetized. Repro-
duced from [1].
The firstmodern treatment ofmagnetism, and inmany regards
a pioneering work of experimental science, is the book De Mag-
nete, Magneticisque Corporibus, et de Magno Magnete Tellure 1 by
1The original version of the book
was in Latin and a translation of the
title is: “On the Magnet and Magnetic
Bodies, and on That Great Magnet the
Earth”.
the English physician and scientist William Gilbert and his partner
Christopher Clews [2]. It was published in the 17th century. In the
book a lot of experiments on magnetism are described and it con-
tains the correct conclusion, that the earth is magnetic and this is
why the compass points north.
Progressing further in time leads to the famous discoveries at
the end of the 19th and beginning of the 20th century. First tomen-
tion, is the interplay between magnetism and electricity, e.g. as
seen by the Maxwell equations. Second, is the theory of relativity,
that explains the link between the two physical properties. Third
is the result, that light is electromagnetic radiation, thus also com-
posed of these two components.
6The Heisenberg model used to simulate ferromagnetism also
dates to the beginning of the 20th century. This is a many body
model, trying to incorporate the fact, that in condensed matter,
magnetism is a collective phenomenon, quite different from the
magnetism of single atoms. It is still under study today and repre-
sents an excellent model system for comparing theoretical predic-
tions with experimental results. One important case of the model
is the one-dimensional antiferromagnetic Heisenberg chain. For
this structure, a good agreement between theory and experiment
has been found over the years, especially concerning thermody-
namic properties. Intriguingly, concerning the physical property
of thermal transport, the situation is much less satisfying. On the
theoretical side, the thermal transport is predicted to be infinite,
since the current operator commutes with the Hamilton operator
of the Heisenberg model. This is a fascinating result on its own,
as it allows to envision dissipationless transport of energy. How-
ever, in any real system with appropriate magnetic structure, the
heat transport is composed of amixture of atomic vibrations called
phonons and themagnetism. This interaction leads to a finite ther-
mal conductivity and is difficult to incorporate into the theory. Fur-
thermore, experimentally, it has always been very difficult to un-
ambiguously identify the magnetic part, since it usually is only a
small contribution.
Around ten years ago, the situation changed on both sides.
Theoretically, a way was found to separate the intrinsic thermal
transport of the spin chain governed by the Heisenberg model
from the phononic transport. Experimentally, systems with espe-
cially large contributions of magnetic excitations to the thermal
transport were found. They are electrically insulating and the ther-
mal conductivity of these compounds at room temperature is com-
parable to that of a metal (of the order of 100Wm−1K−1). There-
fore, it was easy to isolate the magnetic part of the thermal trans-
port. A significant amount of research, experimental as well as the-
oretical, has been done on this topic, since then. Only a few sys-
tems showing this large magnetic heat transport have been found
so far. However, experimentally, it has been difficult, to identify
overarching trends. The first family of compounds that was stud-
ied ((Ca,La,Sr)14Cu24O41), has a very complex lattice structure and
concomitantly many peculiarities, which complicate the under-
lying physics. Compounds with a more simple lattice structure,
but nevertheless a large magnetic thermal transport, were identi-
fied later on, namely SrCuO2 and Sr2CuO3. In these compounds,
the extraction of the magnetic thermal transport is complicated
by the fact, that the energy scales involved, do not separate prop-
erly. Therefore an additional tunable parameter is needed. The ex-
change energies in these compounds are too large to be influenced
by an external magnetic field. As an alternative, it is possible to dis-
turb the system by various kinds of impurities. Depending on the
kind of impurity one can expect mainly a chemical pressure on the
system, an influence on the magnetism or a change of the mean
7free path of the corresponding excitations. The goal of this thesis
therefore is twofold. First, to test new compounds for the appear-
ance of magnetic heat transport and second, to broaden the un-
derstanding of the known compounds by studying the influence
of various kinds of impurities.
These one-dimensional quantummagnets are also interesting
for industrial applications. First, the heat transport is large with
regard to the absolute value. Second, these compounds are elec-
trically insulating. Therefore, they can be used to simultaneously
electrically insulate electronic circuits and carry away heat. Third,
a large anisotropy in the heat transport between the different crys-
tallographic directions is found. Heat is conducted primarily along
one crystal axis. Hence the material can thermally insulate in two
directions and carry away heat along the third. One possible appli-
cation is to use this anisotropy for thermal management in novel
electronic devices. Fourth, heat is carried by localized spins. Those
can be manipulated with magnetic fields or light. Thus, for the
first time, an electrical insulator with tunable heat conductivity at
room temperature could emerge. A project funded by the Euro-
pean Union,2 bringing together several European research teams,
2More information can be found
under: “www.novmag.eu”.
is investigating the technical producibility.
In this thesis, the results are presented with regard to funda-
mental research. It starts by reviewing the basic concepts, needed
later on. Chapter 1 introduces the Heisenberg model and some
basic elements of spin chain physics. In chapter 2 the thermal
conductivity is explained. The focus is on transport by phonons
and spinons, since these are the important mechanisms for the
succeeding chapters. This is an experimental work, therefore the
method ofmeasurement is discussed in chapter 3. In chapters 4, 5
and 6 the results of this work are presented. A general summary try-
ing to put everything into amore global picture is given afterwards
in chapter 7. Some additional results worthmentioning, which did
not fit into the previous framework, are discussed in appendix A.
Two kinds of citation schemes are used throughout the thesis.
Normally, when a citation is given, the reference is found at the end
of the work in the bibliography. Sometimes, instead of the normal
citation, a footnote, with the names of the principal authors, year
published and reference to the bibliography, is given. This is used
to illustrate fundamental results and to give the reader a feeling for
the time spans involved.
Nikolai Hlubek
Leibniz Institute for Solid State andMaterials ResearchDresden,
December 10, 2010
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CHAPTER 1
Spin chains
Even the largest avalanche is
triggered by small things.
Whole Earth Review, Vernor Vinge
(1993)
Low-dimensional quantum magnets has been under study for
the last 80 years. Therefore it is not surprising that the literature is
vast. Short overviews can even be found in standard solid state text
books [3–5]. There are special books [6, 7] and some of themore re-
cent review papers include references [8–13]. Good introductions
can also be found among PhD-theses [14–16]. This plethora of ma-
terial makes an in depth review of the topic unnecessary. There-
fore, the goal of the following chapter is, to motivate some of the
key concepts needed later on.
1.1 Heisenberg model
Magnetism in a solid has various origins. An external magnetic
field always induces magnetic moments in the building blocks of
the solid leading to diamagnetism. Said field may also align the
present magnetic moments formed by the orbital angular momen-
tum and spin of the electrons in the solid. This is known as para-
magnetism. If the external field is removed, thermal motion will
cause a random orientation of the magnetic moments. Thus the
total magnetization drops to zero. Substances which retain an or-
dered structure without an external field require an interaction
between the individual magnetic moments. This is found by the
quantum mechanical exchange interaction1 between the atoms
1Werner Heisenberg (1928) [17]
Paul A.M. Dirac (1929) [18]
of the crystal lattice and leads to ferro-, antiferro- and ferrimag-
netism.
One can motivate the origin of the exchange by just con-
sidering two independent electrons with orthogonal wave func-
12 Spin chains
tions
∣∣ψi 〉. The joint state of the two electrons is given by〈
~r1|ψa
〉〈
~r2|ψb
〉
with spatial coordinates ~ri . Adding exchange sym-
metry to the product state gives
1p
2
(〈
~r1|ψa
〉〈
~r2|ψb
〉±〈~r2|ψa〉〈~r1|ψb〉) (1.1)
Since electrons are fermions and can therefore not have the same
set of quantum numbers, the overall wave function has to be an-
tisymmetric. For a symmetric spatial state, this requires the spin
part to be in an antisymmetric singlet
∣∣χS〉 state (S = 0). For an
antisymmetric spatial state, the spin part has to be a symmetric
triplet
∣∣χT〉 state (S = 1). Therefore the wave functions for singlet
|ΨS〉 and triplet case |ΨT〉may be written as
|ΨS〉 =
1p
2
[〈
~r1|ψa
〉〈
~r2|ψb
〉+〈~r2|ψa〉〈~r1|ψb〉]∣∣χS〉 , (1.2)
|ΨT〉 =
1p
2
[〈
~r1|ψa
〉〈
~r2|ψb
〉
−
〈
~r2|ψa
〉〈
~r1|ψb
〉]∣∣χT〉 . (1.3)
The energy for these states is given by
ES =
ˆ ˆ
〈ΨS|~r1〉〈~r1|H |~r2〉〈~r2|ΨS〉d~r1d~r2, (1.4)
ET =
ˆ ˆ
〈ΨT |~r1〉〈~r1|H |~r2〉〈~r2|ΨT〉d~r1d~r2, (1.5)
where it is assumed that the spin parts of thewave function are nor-
malized. The square of an individual electron spin operator satis-
fies
Sˆ2i
∣∣ψ〉= S (S+1) ∣∣ψ〉= 1
2
(
1
2
+1
)∣∣ψ〉= 3
4
∣∣ψ〉 . (1.6)
Therefore the total spin of a two electron system Sˆ is given by
Sˆ2 = (Sˆ1+ Sˆ2)2 = 3
2
+2Sˆ1Sˆ2. (1.7)
With equation 1.7 it follows that for the singlet (S = 0) state the op-
erator Sˆ1Sˆ2 has an eigenvalue of − 34 . For the triplet (S = 1) state
with Sˆ2
∣∣ψ〉 = 2∣∣ψ〉 the eigenvalue is 14 . With everything now in
place a spin Hamiltonian
Heff,spin = 1
4
(ES+3ET)− (ES−ET)~S1 ·~S2 (1.8)
may bewrittendown, which for the singlet state has the eigenvalue
ES and for the triplet state ET. The first term on the right hand side
is constant and may be absorbed into other constant terms. Thus,
with the exchange constant J defined as
J = ES−ET
2
, (1.9)
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the spin dependent term in 1.8 may be written as
H spin = 2J~S1 ·~S2. (1.10)
Generalizing to a many-body system leads to the well known
Heisenberg model
H =
∑
i , j
Ji j ~Si · ~S j . (1.11)
Here the factor of 2 was omitted because the summation includes
each pair of spins twice. If J > 0 the triplet state is favored since
ES > ET. For J < 0 the singlet state is favored.
1.2 Quantum spin chains
Equation 1.11 does not make any assumption on the structure of
the spin lattice. Therefore a lot of different layouts of the spins
may be studied. Themost basicmodel is a one-dimensional linear
chain of spins.2 Since the exchange interaction decreases strongly
2In a solid such a layout is ap-
proximately realized, if the intrachain
interaction is much larger than any
interchain interactions. This is usu-
ally the case if the crystal structure is
such, that the chains are reasonably
far apart.
with distance most of the times only nearest neighbor interactions
need to be considered. Additionally, in a lot of materials the mag-
nitude of J is the same on all sites of the spin structure. This leads
to an important simplification of equation 1.11
H = J
N−1∑
i=1
~Si · ~Si+1 . (1.12)
N is the number of spins in the chain. The individual spins ~Si are
treated as three-dimensional vectors. If the exchange interaction J
is not isotropic the Hamiltonian changes to
H = Jx
N−1∑
i=1
Sxi ·Sxi+1+ Jy
N−1∑
i=1
S
y
i
·S y
i+1+ Jz
N−1∑
i=1
Szi ·Szi+1 . (1.13)
The special cases of this Hamiltonian are the XY-model (Jz = 0),
the XXX or isotropic Heisenberg model (Jx = Jy = Jz), the XXZ or
anisotropic Heisenberg model (Jx = Jy 6= Jz ) and the Ising model
(Jx = Jy = 0).3 On all these models a huge amount of literature 3The Ising model is usually pre-
ferred in illustrations due to its sim-
plicity.
exists, some of which is summarized in [13]. Whether the mag-
netic moments in real systems behave as Ising, XY or Heisenberg
spins, depends on the single ion anisotropy determined by the in-
teraction between the orbital state of themagnetic ion and the sur-
rounding crystal field.
The Hilbert space, H acts on, is spanned by the orthogonal ba-
sis vectors |σ1...σN 〉. σn presents either spin-up ↑ or spin down
↓ on site n. The dimension of the Hilbert space thus is 2N . For
the ferromagnetic ground state |F 〉 = |↑ ... ↑〉 the solution to the
eigenvalue problem H |F 〉 = EF,0 |F 〉 can be directly obtained by
looking at equation 1.12. Because |F 〉 is an eigenstate its energy
is EF,0 = JN/4. In a next step an excitation with one flipped spin
14 Spin chains
|↑ ... ↓ ... ↑〉 is considered. To shorten the notation |n〉 shall repre-
sent the ferromagnetic ground state, with one spin flipped at posi-
tion n. In the following, the Bethe Ansatz will be sketched for this
eigenvalue problem. It may be noted, that for one flipped spin,
an analytic solution can also be obtained by symmetry consider-
ations. However, for states with two or more flipped spins this is
no longer possible. Here, aside from the usual numerical meth-
ods, the Bethe Ansatz presents a powerfulmethod to solve such an
eigenvalue problem.
Figure 1.1: Illustration of a ferromag-
netic magnon (top) as a quasiparti-
cle. In the equivalent wave picture, a
magnon can be viewed as a quantized
spin wave distributed over the individ-
ual moments (bottom).
(a)
(b)
(c)
(d)
(e)
Figure 1.2: Spinon excitations (red do-
main walls) in an Ising chain are cre-
ated by the flip of one spin from pic-
ture (a) to (b). In the consecutive
pictures the excitations propagate out-
wards.
As ansatz, a vector
∣∣ψ〉 is written as
∣∣ψ〉= N∑
n=1
B (n) |n〉 . (1.14)
If B (n) satisfies the linear equations
2
[
E −EF,0
]
B (n)= J [2B (n)−B (n−1)−B (n+1)] (1.15)
with n = 1,2, ...,N and periodic boundary conditions B (n+N ) =
B (n),
∣∣ψ〉 is a solution of the eigenvalue problem H ∣∣ψ〉 = E ∣∣ψ〉.
Equations 1.14 and 1.15 present the gist of the Bethe Ansatz. N
linear independent solutions are given by
B (n)= eikna (1.16)
with the wave number k = 2pim/N , lattice spacing a and an enu-
merator m = 0,1, ...,N −1. This leads after a normalization to the
eigenvectors
∣∣ψ〉= 1p
N
N∑
n=1
eikna |n〉 . (1.17)
These vectors represent the so called magnon excitations and its
eigenvalues are
E −EF,0 = ε(k)= J (1−coska) . (1.18)
A simple example for such an excitation in a one-dimensional
chain of Ising spins in shown in figure 1.1.
For an antiferromagnet the Bethe Ansatz may also be used.
However the necessary calculations are much more compli-
cated [19–22]. Consequently it took over 30 years [23] for the ap-
plication of Bethes original idea to the antiferromagnetic chain. In
the following thederivation is only sketched. A stepby step tutorial
can be found in [9]. The difficulties start with finding the ground
state, since the obvious candidate, the Néel state
|N±〉 =
1p
2
(|↑↓↑ ... ↓〉± |↓↑↓ ... ↑〉) (1.19)
only minimizes
〈
Sz
i
·Sz
i+1
〉
, but not
〈
Sx
i
·Sx
i+1
〉
and
〈
S
y
i
·S y
i+1
〉
. A
state with full rotational symmetry can have a lower energy. Addi-
tionally equation 1.19 assumes long range orderwhich is not possi-
ble in one dimension. This is discussed in section 1.3. One scheme
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which results in a valid ground state |A〉 for the antiferromagnetic
chain, is to start with the ferromagnetic ground state |F 〉 and excite
N/2 magnons with negative energy −J (1−coski ). The resulting
ground state energy is given by [8, 9, 23]
EA,0−EF,0
JN
=− ln2. (1.20)
This is much lower than the energy of the Néel state from equa-
tion 1.19, which is 〈N±|H |N±〉/JN = − 14 . The entire spectrum of
H for the antiferromagnetic case may then be explored by a dif-
ferent kind of excitation. In figure 1.2 this type of excitation is
sketched. One flipped spin (1.2(b)) leads to an unfavorable ex-
change interaction with its neighbors. To compensate, these may
also flip, (1.2(c)) moving the domain wall outwards. Such propa-
gating domain walls are the quasiparticles of the one-dimensional
antiferromagnetic spin chain and are called spinons.
0 1 2
0.0
0.5
1.0
E/
J
 
ka/
Figure 1.3: Two spinon continuum of
a spin chain.
It is possible to derive the dispersion relation of these excita-
tions within the framework of the Bethe Ansatz [8, 9, 23], which
leads to
ε(k)= pi
2
J |sinka| . (1.21)
This means that spinons are gapless. In figure 1.3 the dispersion
relation for two-spinon excitations as discussed in the series of fig-
ures 1.2 are shown. The shaded region between the upper and
lower boundaries can be populated. Regarding the quantum statis-
tics of spinons, it is valid to consider them as fermions, because of
their S = 1/2 nature. Nevertheless, both fermionic [24–28] and so-
called fractional [29, 30] statistics have been proposed for a spinon
system.4 Additionally, it has to be noted, that in one-dimensional
4These fractional statistics are a
concept introducedby F.D.M.Haldane
as a generalization of anyons for ar-
bitrary spatial dimensions. Anyons
are quasiparticles in two-dimensional
systems, usually associated with the
fractional quantum Hall effect. They
obey statistics ranging continuously
between the usual Fermi-Dirac and
Bose-Einstein statistics.
systems it is possible to transform a fermionic basis to a bosonic
basis, by a process called bosonization [31, 32]. This technique is
often used in theoretical works, as it makes some problems, which
appear intractable when formulated in terms of fermions, very
easy to solve.
1.3 Order and frustration in low-dimensions
To flip one spin in a ferromagnetic Ising chain (cf. to figure 1.1)
costs an energy of E = J . The gain of entropy is S = kB lnN since
the spin flip can occur at N sites. For a large chain N →∞ the en-
ergy cost remains the same but the entropy gain becomes infinite.
Looking at the free energy F = E −TS shows that for T > 0, F al-
ways is negative. Therefore spins may spontaneously flip and long
range order is not energetically favorable. Using symmetry consid-
erations this statement was rigorously proven byMermin andWag-
ner for the isotropic Heisenbergmodel.5 However, if an anisotropy
5David Mermin and Herbert Wag-
ner (1966) [33]
of the exchange interaction is present, the additional energy cost
associated with a changed spin from the ground state may domi-
nate and enable long range order.
16 Spin chains
0.0 0.5 1.0 1.5 2.0
0.10
0.12
0.14
 Bethe Ansatz
 Bonner-Fisher Fit
 
 
χJ
/N
g2
µ B
2
kBT/J
Figure 1.4: Magnetic susceptibility
of a antiferromagnetic S = 1/2 spin
chain. The black circles are numerical
Bethe Ansatz calculations reproduced
from reference [34]. The red line is
a Bonner-Fisher fit as given by equa-
tion 1.24.
The onset of antiferromagnetic order can be seen quite clearly
by studying the magnetic susceptibility χ of a system
χ=
(
∂M
∂H
)
T
. (1.22)
χ represents the magnetic responseM of a system under the influ-
ence of an external field H at temperature T . Figure 1.5 illustrates
the case for the onset of 3D long range antiferromagnetic order.
First the external field is aligned parallel to the magnetization di-
rection of one of the sublattices of the antiferromagnet.6 At T = 0
6One usually thinks of a 3D antifer-
romagnet as being composed of two
ferromagnetic sublattices with oppos-
ing directions.
the susceptibility is zero. With increasing temperature also the
magnetic response increases. This goes up to a maximum called
the Néel temperature TNe´el, above which thermal motion destroys
the order and the susceptibility decreases paramagnetically with
the usual Curie-law. If the external field is aligned perpendicular
to the magnetization direction of one of the sublattices the spins
have to align along the field. This leads to a constant χ up to the
Néel temperature. Such a behavior of the susceptibility is found
for the compound discussed in chapter 6.
χperp
Su
sc
ep
tib
ilit
y
Temperature
χparallel
T
N
Figure 1.5: Onset of 3D Néel order TN
in an antiferromagnet.
For a one-dimensional antiferromagnetic S = 1/2 spin chain
the situation is different since long range order is not possible.
Shown in figure 1.4 is the susceptibility for such a chain. It can
be obtained with high accuracy by numerical Bethe Ansatz calcu-
lations [34]. Pure Bethe Ansatz calculations [35] deal with infinitely
many coupled nonlinear integral equations for which the trunca-
tion procedures are difficult to control while other methods are
only reliable at low temperatures [36]. For T = 0 the susceptibil-
ity was [37] calculated as
χ (0)=
nsg
2µ2B
J
· 1
pi2
. (1.23)
ns marks the number of chains per unit area, g is the dimension-
less g -factor and µB the Bohr magneton. As a function of temper-
ature the susceptibility increases up to a maximum at T ≈ 0.64J
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with a value of χmax ≈ nsg
2µ2
B
J
·0.147. For higher temperatures the
magnetic susceptibility decreases. Very early on, the problem was
solved numerically for chains of N = 2–11 spins and extrapolated
to N→∞.7 A rational function of this extrapolation
7Jill C. Bonner and Michael E.
Fisher (1964) [38]
χ (X )=
nsg
2µ2
B
J
· 0.5X +0.2999X
2 +0.60188X 3
1.0+1.9862X +0.68854X 2 +6.0626X 3 (1.24)
with X = J/2kBT was given in reference [39] and is often used in
fits of experimental data, due to its simplicity - called after the ini-
tial authors Bonner-Fisher fit.8 As can be seen from figure 1.4 the
8The original series expansion
given in the reference was adapted
to fit to the Hamiltonian from equa-
tion 1.12.
fit is only feasible for temperatures T > 0.2J . At low temperatures
T < 0.1J , a fit formula was determined with field theory methods
by Eggert, Affleck and Takahashi [36]
χ (T )=
nsg
2µ2B
J
· 1
pi2
·
(
1+ 1
2ln(7.7J/kBT )
)
. (1.25)
Figure 1.6: Magneto-elastic ordering
(spin-Peierls transition) of spins cou-
pled strongly to a lattice. At high tem-
peratures a usual spin chain is found
(top). But below a certain temperature,
dimers with S = 0 are formed (bottom).
Another ordering phenomenon may occur in a system with a
strong coupling of the spins to the lattice atoms. The mechanism
is a direct analogue to the Peierls transition for one-dimensional
metals and is therefore called spin-Peierls transition. It is sketched
in figure 1.6. Above the transition temperature Tc , the spin chains
can be viewed as the usual antiferromagnetic next-neighbor ex-
change Heisenberg chains, that were introduced in section 1.2. Be-
low Tc there is an elastic distortion of the lattice. The elastic en-
ergy needed for this distortion, is compensated by the energy gain
of the formation of an S = 0 spin singlet state. This leads to a dou-
bling of the unit cell. Additionally, the resulting chain is character-
ized by two alternating exchange constants and by the opening of
an energy gap between the singlet ground state and the lowest ex-
cited triplet states. However, inmost of the spin chain compounds,
a spin-Peierls transition does not occur. This is, because the anti-
ferromagnetic chains order three-dimensionally, due to the inter-
chain coupling. Only if the spin-phonon coupling is able to domi-
nate the interchain spin-spin coupling, a spin-Peierls ground state
can be formed. One of the few known materials for such a transi-
tion is discussed in chapter 4.
Figure 1.7: Antiferromagnetic align-
ment on the corners of a square lat-
tice. An ordered structure can easily
be achieved (left). Frustrated struc-
ture on a triangular lattice, as the third
spin cannot be placed antiferromag-
netically to the previous two (right).
From reference [40].
In the following the concept of frustration is briefly introduced.
It is included, because this mechanism supports the one-dimen-
sional nature of some of the compounds that are discussed later
on. A typical example, starting with the minimal amount of atoms
required, is shown in figure 1.7. On a square lattice it is easy to
align the nearest-neighbor spins antiferromagnetically. On a tri-
angular lattice however, this is not possible once two spins have
been placed. The third spin will always be parallel to one of the
other spins. Since there is no possible way out of the dilemma
of an energy minimized placement of the third spin, the system
is (or is called) frustrated. In such a system, several low energy
states are possible instead of a unique ground state. This leads to
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metastability and hysteresis effects due to the magnetic and ther-
mal history of the sample [5]. Now, one may consider a real solid,
where spin chains are only approximately realized and are subject
to additional interchain interactions. Depending on the underly-
ing crystal lattice, these additional interactions may form a frus-
trated structure. This in turn weakens the interchain interaction
and effectively enhances the one-dimensionality of the spin sys-
tem.
CHAPTER 2
Transport theory
I used the German term “Umklapp”
(flip-over) and this rather ugly word
has remained in use.
Bird of Passage, Rudolf Peierls (1985)
So far it has not been possible to derive the relation between
a potential difference and the related current from the classical or
quantum equations of motion. This means there is no rigorous
theory for the transport coefficients. Nevertheless the usual for-
mulations, which are explained in the following have been proven
correct for all practical purposes. The aim of this chapter will be, to
introduce the thermal conductivity κ as physical property. Mostly
κ of phonons and of spinons, as a function of temperature, will be
discussed, since these are the important mechanisms studied in
the succeeding chapters.
The theory of transport is covered in its basics in most text-
books on solid state physics [3, 4] and also in more detail in
some specialized books [41–43]. Moreover a few preceding the-
ses [16, 44–46] discuss the theory of transport needed to under-
stand low-dimensional systems in detail.
2.1 Fourier’s law
Consider a macroscopic system characterized by a nonuniform
temperature profile T0 (~r ). Such a profile will lead to a heat, i.e. en-
ergy current. As energy should be conserved, the continuity equa-
tion relating the inner energyU to the thermal current density ~jQ
reads
∂U
∂t
=−∇~jQ . (2.1)
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Neglecting changes in the volume, the inner energy can be re-
placed byU = cV (T )T leading to
cV (T )
∂T
∂t
=−∇~jQ , (2.2)
with cV (T ) being the specific heat per unit volume. If the tempera-
ture profile is uniform T0 (~r )= T0, there is no current in the system.
It is therefore reasonable, within a framework of linear response,
to assume the current density being given by
~jQ =−κ(T )∇T (~r ) , (2.3)
for small temperature gradients.1 κ represents the thermal con-
1A more general derivation of this
equation follows Luttingers work [47]
starting with a set of generalized cur-
rents j1, j2, ... jn flowing in a system
being under the influence of general-
ized forces X1,X2, ...,Xn which are as-
sumed to be linear functions of said
currents. This ultimately leads to the
Onsager relations between the differ-
ent transport coefficients [48, 49].
ductivity of the system and equation 2.3 is called Fourier’s Law2.
2Jean Baptiste Joseph Fourier
(1822) [50]
Putting everything together leads to the heat equation
cV (T )
∂
∂t
T (~r , t)=∇ [κ(T )∇T ] (2.4)
which describes the distribution of heat in a given region over time.
2.2 Kinetic model
The most basic approach is that of a kinetic theory with all exci-
tations being treated as classical particles. Thermodynamic prop-
erties can be derived directly, by assuming these particles to form
an ideal gas. In order to compute transport quantities one must
know how far these particles travel, which is how far they trans-
port the relevant physical property.3 This means, that in contrast
3Relevant properties can be just
the particles themselves (diffusion),
their kinetic energy (thermal conduc-
tivity) or their momentum (viscosity).
to an ideal gas, collisions between particles have to be taken into
account. Therefore it is assumed that the probability of a scatter-
ing event in the time interval dt is dt/τ. τ is called relaxation time
or scattering time. Hence it follows for the probability of a collision
P (t)
∂P
∂t
=−P
τ
, (2.5)
which is solved by
P (t)= 1
τ
e−t/τ. (2.6)
In a thermal gradient ∇T , a particle with an atomic heat of c and a
velocity ~v will gain an energy of
δU =−c∇T ·~vt (2.7)
after a time t if no scattering did occur. Weighting this expression
with the scattering probability and averaging over a long time4
4The mean time between colli-
sions is
〈
tcol
〉 = ´∞0 tP (t)dt . Evalua-
tion of the integral results in
〈
tcol
〉 =´∞
0
t
τ e
−t/τdt = τ. This shows that τ
can indeed be identified as mean time
between collisions and therefore as a
scattering time.
yields an energy gain of
〈δU 〉 =
ˆ ∞
0
c∇T ·~vt ∂P
∂t
dt = c∇T ·~vτ. (2.8)
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Related to the scattering time τ is the distance a particle will have
traveled during that time
l = τ |~v | = τv, (2.9)
which is calledmean free path.
For a particle with velocity ~v , the energy needs to change as
∂U
∂t
=−c∇T ·~v , (2.10)
in order to keep in thermal equilibrium with the immediate sur-
roundings. The thermal current per unit area jQ , defined by equa-
tion 2.1, then will depend on the distance a particle travels, before
a collision occurs. According to equation 2.8 this is ~vτ. This leads
to a current density
jQ =−c∇T ·~v ·~vτ. (2.11)
If there are n particles per unit volume, the current density be-
comes
jQ =−nc~v~vτ ·∇T. (2.12)
To further simplify the equation, the product −→v −→v is assumed to
be isotropic. Averaging it over all directions and substituting nc by
the total specific heat C gives
jQ =−
1
d
Cv2τ∇T. (2.13)
Here d is the dimensionality of the system. With the definition of
the thermal conductivity κ from equation 2.3 in three dimensions,
together with equation 2.9 this leads to
κ= 1
3
Cvl . (2.14)
This simple formula is of quite general importance due to its
straightforward physical interpretation. Even if other methods
have to be employed, it is always feasible to check with this equa-
tion if the results are reasonable. However, equation 2.14 ignores
the possible dependence on the wave number k of its constituents.
A formula that accounts for this dependence is given by
κ= 1
d
1
(2pi)d
ˆ
Ckvk lkdk. (2.15)
Comparing this expression to equation 2.14 shows that it is quite
reasonable. A formal derivation of this semi-classical formula em-
ploys Boltzmann’s transport equation5 as starting point and can be
5Ludwig Boltzmann (1872) [51]found for example in references [41, 44, 52].
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Figure 2.1: Dispersion relation for a
lattice with two-atomic basis. Repro-
duced from [44].
2.3 Thermal conductivity by phonons
2.3.1 Phonon velocity
With equation 2.14 it is possible to discuss the basic curveshape of
the thermal conductivity as a function of temperature for the dif-
ferent kinds of excitations. At first phonons shall be considered.
All the arguments in the following assume periodic crystals. Al-
though some rigorous statements can also be made about amor-
phous solids [53–55], they are not discussed here, since all of the
specimens studied in the succeeding chapters are single crystals.
A crystal with a basis of p atoms will have a dispersion with 3p
branches. Three of them are strongly k-dependent and since they
correspond to sound waves with velocity vs in the lattice are called
acoustic branches. The remaining 3p −3 curves known as optical
branches are not very strongly k-dependent and excited only at
higher energies. This is illustrated in figure 2.1 for a crystal with a
two-atomic basis. Due to the high energy required to excite opti-
cal phonons, mostly relevant for the thermal conductivity are the
acoustic branches. Only when very low lying optical branches with
a significant k-dependence are present, they have to be considered
for the transport [56–59]. Concentrating on transport by acoustic
phonons, the velocity vs = dωsdk is k-independent for small k. Ad-
ditionally averaging over all three directions, leads to the Debye
approximation of vs with a constant phonon velocity
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Figure 2.2: Thermal conductivityκ(T )
of isotopically pure LiF. The sam-
ples were cylindrical and the different
curves correspond to different diame-
ters d . Data reproduced from [60].
vs =
θDkB(
6pi2N
)3
~
. (2.16)
θD is theDebye temperature andN thenumber of elementary cells
per unit volume. Due to the initial approximation ω∼ k, the equa-
tion is only valid for temperatures small compared to θD . In this
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regime, equation 2.16 states, that the sound velocity is indepen-
dent of temperature. This is a remarkable result, since it states,
that for sufficiently low temperatures, only the temperature depen-
dencies of the specific heat C and the mean free path l have to be
considered in the discussion of the curveshape of a phononic con-
ductor.
2.3.2 Resistive Processes
Considering a defect-free crystal of infinite size described by a sys-
tem of coupled harmonic oscillators, an infinite thermal conduc-
tivity is found. This is because the phononic states remain station-
ary in a harmonic potential which means that the distribution of
phonons is constant over time and thus the heat current is never
changed. Such a situation is however not found in nature. There-
fore some suited scatteringmechanisms bringing the thermal con-
ductivity down to finite values need to be found. As it turns out,
all of the approximations above have to be dropped in order to un-
derstand the phononic conductivity. The behavior of κph as a func-
tion of temperature for a typical phononic heat conductor can be
divided into three parts: An increase at low temperatures, a maxi-
mum and a decrease for higher temperatures. These parts are dis-
cussed in the following.
At very low temperatures (T ≪ θD ) only a small number of
phonons are excited. In a very pure sample they can travel vast dis-
tances with the crystal boundaries limiting the mean free path lbd.
The specific heat in Debye approximation will depend on tempera-
ture asC ∼ T 3. Therefore, with a constantmean free path, andwith
equation 2.14 it follows, that also the thermal conductivity will in-
crease as κph ∼ T 3. An influence of the crystal size to the thermal
conductivity has experimentally indeed been found for LiF crystals
of very high purity (cf. figure 2.2).
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Figure 2.3: Thermal conductivityκ(T )
of LiF for various concentrations of de-
fects. Data reproduced from [60].
Be it inclusions of impurities, grain boundaries or different
phases, defects of various concentration are found in every real
crystal. Compared with a pure crystal, defects always reduce the
overall thermal conductivity, although the amount of reduction de-
pends on the specific kind of impurity. At low temperatures (T <
θD ) around the peak region, defect scattering is the dominating
process in limiting the mean free path ld and therefore in limiting
κph. This can be seen quite clearly from figure 2.3. There the ther-
mal conductivity is plotted for LiF crystals with different isotopic
concentrations. The highest thermal conductivity is found for 7LiF
of 99.99% purity. Reducing the purity to 97.2% already reduces the
thermal conductivity significantly in the region of the peak. Addi-
tionally, the reduction due to defects for low temperatures (κph <
5K) and for high temperatures (κph > 100K) is much smaller, since
other scattering mechanisms dominate in these regimes. Similar
results can also be found if references [61, 62].
At higher temperatures the specific heat becomes temperature
independent as it reaches its Dulong-Petit value C = 3NkB .6 Due 6Pierre Louis Dulong and Alexis
Thérèse Petit (1819)[63]
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Figure 2.4: Normal-process (left) and
“Umklapp”-process (right).
to the large number of excited phonons, the main scattering pro-
cess in this regime is phonon-phonon scattering7 . Taking theusual
7Peter Debye (1914)[64] approximation of a solid as a system of coupled harmonic oscilla-
tors, the vibrational modes do not interact. This means that once
excited, a lattice vibration would exist for all times or, speaking in
terms of particles, the mean free path of a phonon would be in-
finite. Only deviations from a linear law of force between lattice
atoms, leading to anharmonic terms in the lattice potential, will al-
low an interaction between phonons. Of principal interest and de-
scribed by the first anharmonic term areprocesses, involving three
phonons, by either the creation of two phonons out of one anni-
hilated phonon or the annihilation of two phonons creating one.
Processes involving more phonons are described similarly by con-
sidering the anharmonic terms of higher order, but the probability
of their occurrence decreases rapidly with rising order [65–67].
For three phonons with angular frequency ωi the energy
~ω1+~ω2 = ~ω3 (2.17)
and wave vector
~k1+ ~k2 = ~k3+ ~G (2.18)
are preserved quantities. Vector ~G of the reciprocal lattice has to be
chosen in a way that all occurring~k values are in the first Brillouin
zone. In the left panel of figure 2.4 a three phonon process with
~G = 0 called a normal process is shown. The sum ~k3 of ~k1 and ~k2 is
in the first Brillouin zonewhichmeans that the crystalmomentum
(~~k) is preserved. This means that with only normal processes the
overall phonon momentum is conserved and therefore the heat
conduction is unchanged. The right panel of figure 2.4 shows a
process with a sum vector ~k3 that has to be projected back into the
first Brillouin zone by ~G. The process is called Umklapp-process8
8Rudolf Peierls (1929) [68]
as the direction of ~k3
′
is now basically opposed to ~k1 and ~k2. This
constant reverse of the direction of phonons will lead to a gradient
of excited phonons and therefore to a finite heat resistance. As can
be seen from the right panel of figure 2.4 the absolute value of the
wave vector of the interacting phonons has to be at least one fourth
of the first part of the Brillouin zone for Umklapp processes to ap-
pear. In the Debye approximation this equals a phonon energy of
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Figure 2.5: Thermal conductivity of
the purely phononic conductor Al2O3.
Reproduced from [69].
kBθD/2. Themean free path is proportional to the reciprocal of the
concentration of phonons. With the usual Bose-Einstein statistics
nph =
1
exp(~ω/kBT )−1
(2.19)
and a Debye approximation of
ω= kBθD
2~
(2.20)
this leads to
l ∼ exp(θD/2T )−1. (2.21)
There are two limiting cases of the mean free path l . The first is for
T < θD , roughly between θD/30< T < θD/10. In this regime, l may
be approximated as
l ∼ exp(θD/2T ) . (2.22)
The specific heat is also temperature dependent in this regime,
although the C ∼ T 3 law is only valid up to θD/40. The devia-
tions from this law may be accounted by C ∼ T b , with the em-
pirical constant b. Therefore the thermal conductivity behaves as
κph ∼ T b exp(θD/2T ). Of course, for very small temperatures, l
is limited by the sample geometry and therefore T -independent,
as was discussed earlier. The second limiting case is for large T ,
which results in a mean free path of
l ∼ 1+ θD
2T
∼ 1
T
. (2.23)
In this temperature region, where Umklapp scattering dominates,
the specific heat is temperature independent and therefore κph ∼
1/T .
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The compound Al2O3 shown in figure 2.5 has a very high De-
bye temperature of θD ≈ 980K. This shifts all the features dis-
cussed previously to the range accessible by usual transport mea-
surements and makes this system the typical text book example.
2.3.3 Callaway model
In order to model the different resistive processes to a combined
thermal conductivity, a phenomenological model, devised by Call-
away 9, may be used. Although it has undergone several revisions
9Joseph Callaway (1959) [70] and extensions [71–76], the main approach has been unchanged.
One starts from equation 2.15 by assuming a k-independent, con-
stant phonon velocity. With the Debye approximation it fol-
lows [70]
κ= kB
2pi2v
(
kBT
~
)3ˆ ΘD /T
0
x4ex
(ex −1)2 ·τcdx (2.24)
where x = ~ω/kBT . τc is a combined scattering rate, which is then
assumed to be the sum of all individual scattering rates
τ−1c = τ−1B +τ−1D +τ−1N +τ−1U . (2.25)
This is possible, as in different temperature regions different scat-
teringmechanisms are dominant, which is stated byMatthiessen’s
rule.10 The first term on the right hand side accounts for boundary
10Augustus Matthiessen (1864) [77,
78]
scattering at very low temperatures where the mean free path may
be limited by the crystal dimension L only
τ−1B =
v
L
. (2.26)
Defect scattering τD by point defects may be modeled as
τ−1D = Aω4, (2.27)
with free parameter A. For other types of defects, other scattering
terms have been proposed, with some examples being given in ref-
erences [44, 79]. Normal-processes τN do not directly contribute
to the thermal resistance, but cause a change of the phonon char-
acteristics. A phonon created by two Normal-processes may gain
enough energy to take part at an Umklapp-process. This indirect
influence is only important in a small temperature range around
the phononic maximum, and therefore is usually ignored. In refer-
ence [67] the scattering rate for a Normal-process involving three
phonons at low temperatures is given as
τ−1N =BωαT 5−α. (2.28)
The exponent α is dependent on the crystal symmetry and the
types of phonons and usually around one to four.11 B is a fit pa-
11A table relatingα to different sym-
metries can be found in reference [67].
rameter. The scattering rate of an Umklapp-processes τU has to
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contain an additional exponential temperature dependence [71]
and therefore may be written as
τ−1U =BωαT β exp
(
−ΘD
bT
)
. (2.29)
For the exponent β, according to reference [67], β = 5−αmay be
used, if all the phonons that take an appreciable part in the scat-
tering, are in the acoustic range. For higher temperatures β = 1
is suggested in reference [71]. B and b are free parameters of the
model.
2.4 Thermal conductivity by electrons
If not all electrons in a solid are bound they may participate in
the thermal transport. Those electrons need to have an energy
ε> εF . But usually kBT ≪ εF which means that all electron veloci-
ties are close to the Fermi velocity vF and a k-dependence may be
neglected. Therefore, assuming also a k-independent mean free
path lel, equation 2.14 may be used, as a first estimate of the elec-
tronic thermal conductivity κel. Together with the scattering rate
lel = vFτel one gets
κel =
1
3
cv vF
2 τel. (2.30)
The specific heat of a free electron gas is given by [3]
cv =n
pi2
2
k2BT
εF
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Figure 2.6: Thermal conductivity of
Cu. Reproduced from [80].
with n being the density of electrons. This leads to a electronic
thermal conductivity of
κel =
1
3me
npi2k2BTτel. (2.32)
me is the mass of an electron. All scattering mechanisms are con-
tained in τel. For electrons thosemay be electron-defect scattering
τD , electron-phonon scattering τe−ph and electron-electron scat-
tering, whereas the last one can safely be ignored due to its small
cross section. Applying Matthiessen’s rule, as for phonons, gives
τ−1el = τ−1D +τ−1e−ph. (2.33)
This makes it possible to explain the typical thermal conductivity
of an electrical conductor as shown in figure 2.6. At very low tem-
peratures almost no phonons are excited and therefore the ther-
mal conductivity is only limited by scattering on defects. Since
the distribution of defects is T -independent κel increases ∼ T . At
slightly higher temperatures T ≪ ΘD electron-phonon scattering
begins to dominate, since the number of phonons increases as T 3.
For a pure crystal one can assume τ−1el ≈ τ−1e−ph = 1/T 3 and it is
therefore obvious that after a maximum κel has to decrease ∼ T−2.
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sured parallel and perpendicular to
the spin chains in KCuF3. The yellow
shaded region represents an estimate
of the magnetic thermal conductivity.
Results reproduced from [81].
In section 2.3.2 it was discussed that for high temperatures the
number of phonons only increases linear with temperature. Thus
in the temperature region T > ΘD a constant electronic thermal
conductivity is expected and also observed.
Since all of the crystals discussed in the succeeding chapters
are insulators, thermal transport by electrons will be neglected
henceforth.
2.5 Thermal conductivity by spinons
2.5.1 Overview of low-dimensional magnetic excitations
}Spin ladder
} J
J ||
} J
}J ||2D square lattice
}Spin chain J
Figure 2.8: Various antiferromagnetic
spin structures. Shown from top to
bottomare a spin chain, a two-leg spin
ladder and a two-dimensional square
lattice. The different kinds of mag-
netic excitations that occur in these
structures are discussed in the text.
Magnetic excitations may also contribute to the heat transport of
a solid [82]. Various types of excitations are possible, depending
on the underlying lattice structure. The elementary excitations of
quantum spin chains are spinons, which have already been intro-
duced in section 1.2. They are S = 1/2 particles and do not have
a gap in the excitation spectrum. Other possible structures, with
different types of elementary excitations, are shown in figure 2.8.
One structure results, by coupling two spin chains by an additional
exchange interaction. This leads to the so-called two-leg spin lad-
der. The ground state of a two-leg ladder is a spin liquid, which
means that the spin-spin correlations are short range and decay ex-
ponentially as a function of distance. The elementary excitations,
so-called triplons or magnons, are S = 1 particles, with a gap in the
excitation spectrum [32, 83, 84]. Coupling n spin chains leads to
an n-leg spin ladder. For n→∞, one arrives at a two-dimensional
square lattice. The ground state of this structure is apparently char-
acterized by antiferromagnetic long-range order at temperature
T = 0 [85]. The elementary excitations can be described by spin
waves, although corrections have been proposed for high excita-
tion energies [19, 86].
Experimental evidence for magnetic heat transport was found
in ferrimagnetic yttrium-iron-garnet in 1962 by Lüthi [87–90]. The
magnetic heat transport in this and related compounds [91–93]
was discussed by classical spin wave theory and studied in the
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Figure 2.9: Thermal conductivity par-
allel and perpendicular to the spin
chain for Sr2CuO3 and SrCuO2. The
yellow shaded region represents an es-
timate of the magnetic thermal con-
ductivity. Shown as solid green line is
a phononic fit to the thermal conduc-
tivity parallel to the spin chain. Re-
sults reproduced from reference [96]
and [97].
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Figure 2.10: Thermal conductivity
parallel and perpendicular to the spin
chain for CaCu2O3. The yellow shaded
region represents an estimate of the
magnetic thermal conductivity. Re-
sults reproduced from reference [98].
ordered phases at very low temperatures T < 10K. A compound
which showed a signature of magnetic heat transport at higher
temperatures T > 50K, was discovered roughly 15 years later. This
is the one-dimensional quantum antiferromagnet KCuF3 [81, 94,
95]. In this compound, spinons contribute to the heat trans-
port, parallel to the chain. The resulting anisotropy between κ
measured parallel and perpendicular to the chain is shown in fig-
ure 2.7.
At the beginning of the new millennium, a family of com-
pounds was discovered, where the magnetic heat transport is
much larger than the phononic heat transport for almost all tem-
peratures. These compounds belong to the class of copper-oxides
(cuprates).12The low-dimensional spin structure in these com-
12The cuprates were studied at that
time, due to the occurrence of high
temperature superconductivity. The
compounds that show the large mag-
netic transport are however all insu-
lators. Therefore possible supercon-
ducting properties and applications
will not be discussed in the following.
pounds arises from a similar low-dimensional Cu-O structure.
There, the antiferromagnetic exchange originates from straight
180° Cu-O-Cu bonds. Characteristic for the cuprate systems is
a [Cu]3d9 configuration, which gives rise to S = 1/2 and a large
exchange coupling J/kB ≈ 2000K along the Cu-O-Cu structure.
Starting the overview with the spin chain structures, the single-
chain Sr2CuO3 13 and the double-chain SrCuO2 were the first com-
13Alexander Sologubenko et al.
(2000) [96]
pounds to be identified. Figure 2.9 shows the thermal conductiv-
ities of both compounds parallel and perpendicular to the spin-
chain. Since the results for both compounds are very similar, only
Sr2CuO3 is described. Perpendicular to the spin chain the ther-
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Figure 2.11: Thermal conductivity
measured parallel and perpendicular
to the spin ladders in Sr14Cu24O41 and
La5Ca9Cu24O41. The yellow shaded
region represents an estimate of the
magnetic thermal conductivity. Re-
sults reproduced from [99].
mal conductivity has a typical phononic structure as discussed in
section 2.3. Parallel to the chain, the overall thermal conductiv-
ity is larger. Additionally, the curveshape cannot be fitted by a
phononic model, which is shown as solid line. This is evidence for
the presence of an additional contribution to the thermal conduc-
tivity along the spin chain. This contribution is transport by mag-
netic excitations κmag. An estimate for κmag is given by the shaded
yellow region. κmag is quite large, as it outweighs the phononic
thermal conductivity perpendicular to the chain above 100K. Be-
low 100K, κmag has a peak, after which it decreases. In this region
the estimation of κmag is vague, which is why the shaded area is
blurred out. Both systems are studied in detail in chapter 5. An-
other spin chain compound is CaCu2O3 14. The thermal conductiv-14Christian Hess et al. (2007) [98] ity of the system is shown in figure 2.10. Perpendicular to the chain
it is roughly constant. In contrast to this, parallel to the chain it in-
creases linearly. This linear increase is also reflected in the almost
completely linear estimate for κmag. This behavior as well as its de-
pendence on doping is discussed in detail in chapter 6. In all these
spin chain compounds, the heat transport by spinons is a large ef-
fect. Therefore, these compounds allow an unambiguous study of
the intrinsic properties of spinons as well as their interactions.
Regarding spin-ladders, the so-called telephone number series
of compounds (Ca, La, Sr)14Cu24O41 [99, 100] has been studied in-
tensively. The results for two different compositions Sr14Cu24O41
and La5Ca9Cu24O41 are shown in figure 2.11. Both compositions
show a characteristic double-peak structure in the thermal con-
ductivity parallel to the ladders. Perpendicular to the ladders, a
purely phononic heat conduction is found. For La5Ca9Cu24O41
the so far largest value for κmag at room temperature is found.
Additionally, the anisotropy between the thermal transport paral-
lel and perpendicular to the ladder at room temperature is large.
Both properties make this compound interesting for possible ther-
mal management applications. A few recent results are shown
and discussed in the appendix A.2. Considering two-dimensional
systems, large, anisotropic magnetic transport was found for the
square lattice La2CuO4 [101]. In other works also compounds with
different spin or with smaller J have been studied [46, 102–104].
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These systems are not discussed here, as this work focuses on the
magnetic thermal transport in one-dimensional S = 1/2 chains,
with large exchange interaction J .
2.5.2 Intrinsic transport of a spin chain
The Heisenberg chain represents an integrable model that is char-
acterized by a number of macroscopic conservation laws.15 The
15Xenophon Zotos, Felix Naef and
Peter Prelovšek (1997) [105]
most important law is the conservation of the energy current
[
H , jth
]= 0, (2.34)
which implies an infinite thermal conductivity along the chains
for T > 0 [106]. Of course this only means the intrinsic thermal
conductivity of a spin chain is supposed to be infinite. In any real
system, the spin chain will contain defects and will be coupled to
phononic excitations. These mechanisms serve as extrinsic scat-
terers, that lead to a finite conductivity along the chain direction.
Quantitatively, these interactions are not yet understood, although
significant progress has been made in recent years. An approach
to deal with this infinity was devised, by treating themagnetic ther-
mal conductivity κmag as a product of an effective thermal conduc-
tivity, the so-called thermal DrudeweightDth and a delta-function.
As a function of frequency this gives
κmag (ω)=Dthδ(t)+ κ˜ (ω) . (2.35)
The regular part κ˜(ω) is usually neglected, because it is consid-
ered to be small [15]. Then for a real system at zero frequency the
idea is, that the weight will be the same and the delta function will
broaden due to the extrinsic scattering as
κmag =Dth ·
τ(T )
pi
. (2.36)
In general the temperature dependence of the scattering rate τ is
not known. Only if temperature independent static defects are the
dominating scattering mechanism, τ is constant.
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Figure 2.12: Thermal Drude weight
of an isotropic Heisenberg spin chain.
Results reproduced from [107].
The Drude weight of a spin chain in the XXZ-model (cf. sec-
tion 1.2) calculated by Klümper and Sakai16 is shown in figure 2.12.
16Andreas Klümper and Kazumitsu
Sakai (2002) [107]
At low temperatures the Drude weight increases linearly and may
be approximated as
Dth =
(pikB )
2
3~
vT. (2.37)
For higher temperatures a maximum is found and in the high tem-
perature limit the Drude weight of an isotropic chain decreases as
Dth =
3J4
2~
1
T 2
. (2.38)
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Together with the proposed broadening from equation 2.36, this
gives a low temperature approximation of the magnetic thermal
conductivity as
κmag =
pinsk
2
BT
3~
lmag, (2.39)
where lmag = vτwas used. ns is the number of spin chains per unit
area, needed as a scaling factor for real systems. While κmag ∼ T
has been found in CaCu2O3, where spin-defect scattering dom-
inates (figure 2.10 and chapter 6), the model cannot reproduce
the high temperature behavior of other systems such as Sr2CuO3
or SrCuO2 (cf. figure 2.9). There, the maximum of κmag is at
a much lower temperature than the prediction from the Drude
weight. This prediction would be at Tmax ≈ 0.6 J (cf. figure 2.12),
but the actualmaximum is atTmax ≈ 0.05 J . In chapter 5 it is shown
that this is due to strong spinon-phonon scattering, and therefore
a strong T dependence of the scattering rate τ(T ).
The approach above, tries to be asmicroscopic as possiblewith
regard to the spin model. However, it is also possible to derive
the low temperature transport behavior of a spin chain within the
framework of the kinetic model, discussed in section 2.2. In this re-
gard, κmag depends on the specific heat ck = ddT εknk , the velocity
vk and the mean free path lk of a particle with wave vector k. εk is
the energy and nk the statistical occupation function of the mode
k. Choosing Fermi-Dirac statistics with zero chemical potential for
the spinons [27], leads to an overall magnetic specific heat [108] of
Cmag =
2ns
pi
ˆ pi/2a
0
d
dT
1
exp
(
εk
kBT
)
+1
εkdk, (2.40)
withns the number of spin chains per unit area. The group velocity
vk is given by
vk =
1
~
d
dk
εk . (2.41)
Putting everything together for κmag leads to the expression
κmag =
ns
pi~
ˆ
d
dT

 1
exp
(
εk
kBT
)
+1

εk d
dk
(εk ) lmag,kdk. (2.42)
By calculating the derivatives and with a substitution of x = εk
kBT
the integral is transformed to
κmag =
2nsk2BT
pi~
ˆ Jpi/2kBT
0
x2 exp(x)(
exp(x)+1
)2 · lmag (x,T )dx. (2.43)
By averaging over all k at each temperature, the mean free path
lmag (T ) can be taken out of the integral. This results in the equa-
tion
κmag =
2nsk
2
BT
pi~
lmag (T )
ˆ Jpi/2kBT
0
x2 exp(x)(
exp(x)+1
)2 dx. (2.44)
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For kBT ≪ J this assumption is justified, since the heat carrying
excitations exist in significant numbers only in the vicinity of the
band minima, i.e. a very small fraction of the Brillouin zone. In
this regime, the integral is onlyweakly temperature dependent and
approaches a constant value of pi2/6 for T → 0. This leads to a low
temperature approximation of the magnetic thermal conductivity
κmag (T )=
pinsk
2
BT
3~
lmag (T ) (2.45)
effectively reproducing equation 2.39. Experimentally, usually
κmag is known and this equation then is used, to derive the mean
free path [109, 110]
lmag (T )=
3~
pinsk
2
B
T
κmag (T ) . (2.46)
With Matthiessen’s rule, as discussed in section 2.3.3 for phonons,
it is possible to model the T -dependence of lmag viz. l−1mag =
l−10 + l−1sp . Here, l0 describes the T -independent spinon-defect
scattering,17 whereas lsp(T ) accounts for the T -dependent spinon- 17l0 accounts for all kinds of scat-
tering on static defects, as well as for
spinon-boundary scattering.
phonon scattering. Spinon-spinon scattering is generally ne-
glected, because it only becomes important above ≈ 0.6J , as seen
in figure 2.12. Since all compounds, for which this analysis is used,
have a J/kB ≈ 2000K and the experimental data in taken in the in-
terval [7,300] K, this is justified. For lsp, a general Umklapp process
according to equation 2.29, with a characteristic energy scale kBT ∗u
of the order of the Debye energy, can be assumed. Such an ansatz
with the semi-empirical parameters α = 0 and β = 1 [109, 110] is
commonly used in literature [111, 112]. Therefore one gets
l−1mag = l−10 +
(
exp
(
T ∗u /T
)
AsT
)−1
, (2.47)
with l0, As18 and T ∗u as free parameters. Another possibility is, to 18As describes the coupling
strength.
model spinons scattering off optical phonons [113]. With bosonic
statistics, one gets
nph ∼
1
exp
(
T ∗o /T
)−1 , (2.48)
for the number of thermally activated phonons. T ∗o can be iden-
tified with the excitation energy of an optical phonon. The mean
distance between these phonons, and therefore between scatter-
ing events, is lsp,opt = As/nph, with fit parameter As . This leads to
l−1mag,opt = l−10 +
(
exp
(
T ∗o /T
)−1
As
)−1
. (2.49)
Both scattering processes yield very similar formulas for lsp and it
is possible to fit experimental results with both approaches, as is
discussed in section 5.3.
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Within this simple framework it is also possible to give an esti-
mate for the magnetic thermal conductivity as a function of dop-
ing. At low temperatures, when lsp is negligible, κmag,defect ∼ l0.
Since l0 can be related to the distance of defects, which in turn is
inversely proportional to the doping x one ends with
κmag,defect ∼ 1/x. (2.50)
For high temperatures the influence of doping is expected to be-
come negligible, since lsp dominates the overall mean free path.
2.5.3 Static defects
So far, a commonly accepted theory for the interaction of spinons
with defects is not available. However, a result exists for a single
impurity in a Luttinger liquid.19 This result or better its generaliza-
19Charles L. Kane and Matthew P.A.
Fisher (1996) [114]
tion by reference [115] and its principle applicability to spin chains
is illustrated in the following. Afterwards some additional results
by other approaches are mentioned. In chapter 6 the theory by
Kane and Fisher is proposed as possible interpretation of the data
of Zn doped CaCu2O3.
Figure 2.13: Enclosed by the solid
black lines is the two spinon contin-
uum of a spin chain. The dashed
red lines mark the linearized version
of this dispersion relation. Shown as
shaded green area is an estimate for
the excited states of a spin chain with
J/kB = 2000 K at 300 K. The estima-
tion was done by the dynamical struc-
ture factor as given by field-theoretical
techniques [116, 117].
Basically, the Fermi liquid picture of interacting fermions is
only feasible in two- or three-dimensions. In one-dimension qual-
itative results can be obtained, by changing the description to a
so-called Luttinger liquid [118, 119]. As was shown by Haldane,
spin chains at low energies are a representation of a Luttinger liq-
uid [120, 121]. The details of this model are not presented here,
but can be found in the numerous review articles [122–125]. The
fundamental difference of a Luttinger liquid with regard to a Fermi
liquid is the use of a linear dispersion relation. Figure 2.13 illus-
trates the approximation of the two spinon continuum, as intro-
duced in section 1.2 by a linear dependence. The green area in this
figure is an estimate for thenumber of excited states of a spin chain
with J/kB = 2000K at 300K. The exchange interaction was set to
J/kB = 2000K, since this is characteristic for CaCu2O3. The esti-
mation was done by the calculation of the dynamical structure fac-
tor as given by field-theoretical techniques [116, 117]. The known
deviations to other methods [126] are unimportant for the qualita-
tive estimate here. Almost all of the weight is centered in regions,
where the linearized dispersion shows only little deviation from
the real one. Since 300K is the highest temperature considered in
this thesis, the representation of a spin chain by a Luttinger liquid
will be deemed good enough for all practical purposes.
The Hamiltonian for a pure Luttinger liquid can be written as
H0 = 2piv
(
N2++N2−+2 ·
1− g 2
1+ g 2N+N−
)
. (2.51)
N± mark the left and right moving excitation densities, v is the ve-
locity. g in front of the interaction term, is the so-called Luttinger
liquid parameter. It may be viewed as a measure for the strength
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of the interaction. For g = 1 the Fermi liquid is recovered, whereas
g < 1marks repulsive interactions. Calculation of the transport co-
efficients of this Hamiltonian leads to
K (T )= (pikB )
2
3~
T. (2.52)
This equation may be identified as Drude weight at low tempera-
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Figure 2.14: The solid green line
shows a fit by equation 2.56 to the
experimentally determined κmag of
Sr2CuO3 (dashed black line) . Results
reproduced from [127].
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Figure 2.15: The solid green line
shows a fit by equation 2.56 to the
experimentally determined κmag of
Sr2CuO3 (dashed black line). Results
reproduced from [127].
tures [128], since K (T )·v reproduces equation 2.37. A single impu-
rity at the origin can be included by the following Hamiltonian
Hback =−tB cos
(
φ+−φ−
)
δ(x) , (2.53)
where tB is the amplitude of the backscattering and φ± is related
to the densities by n± = ±∂xφ±/2pi. Solving the overall problem
H0+Hback leads to a power law dependence for the thermal con-
ductivity
κmag (T )∼ T 2/g−1, (2.54)
in the case of g > 0.5.
This treatment was for a single impurity. It has to be noted,
that the generalization of this problem to the bulk disorder case is
not straightforward [129]. One solution has been given by Li and
Orignac [115]. They however do not reproduce equation 2.54, but
find
K (T )∼ T 3−g . (2.55)
This leads to a different T -dependence for the non-interacting
case, which is also found by the approach discussed in sec-
tion 2.5.4. Yet another approach, employing memory matrix for-
malism, obtains a power law K (T ) ∼ T 2 [28] with fixed expo-
nent, for scattering by weak impurities. The idea to divide a one-
dimensional systems into two channels, one ballistic and one dif-
fusive, is not further discussed here, since so far no results concern-
ing heat transport have been derived [130].
Overall a power law dependence seems to be pretty general.
Sticking to the calculated dependencies from equation 2.55, the
predicted change of the thermal Drude weight due to spinon-
defect scattering is sketched in figure 2.14.
2.5.4 Spinon-Phonon coupling
Scattering of spinons on phonons was included in an empirical
way in the estimate for the mean free path in section 2.5.2. In the
following twomore rigorous approaches are presented.
A method, devised by Chernyshev and Rozhkov20, explicitly
20Alexander L. Chernyshev and
Alexandr V. Rozhkov (2005) [131, 132]
takes spinon-phonon and spinon-defect scattering into account.
It is proposed, that spinons are mainly dissipated by scattering on
phonons, which in turn relax their momentum via an Umklapp
process. Due to the weak spin-lattice coupling, the number of
spinon-phonon scattering processes is much smaller than pure
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phononic Umklapp processes. Therefore, the spin-phonon relax-
ation time τsp sets the relevant time scale for this transport pro-
cess. However, spin-phonon scattering alone is not enough as re-
laxation mechanism. It is too weak with regard to the lowest ex-
citations. In order to describe the whole temperature range spin-
defect scattering needs to be taken into account. This is done sim-
ilar to the description in section 2.5.3 and leads to a spin-defect
relaxation rate τ0. Therefore, the overall relaxation rate is given as
τ−1s = τ−1sp +τ−10 . The actual calculations start by mapping the spin
operators onto spinless fermionic creation and annihilation oper-
ators.21 Afterwards the Hamiltonian is transformed to a bosonic
21Pascual Jordan and Eugene
Wigner (1928) [133]
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Figure 2.16: The solid green line
shows the attempt of fits by equa-
tion 2.56 to the experimentally
determined κmag of SrCuO2 (black
diamonds). Results reproduced
from [127].
0 100 200 300
0
100
200
κ
mag, intrinsic
κ
drag
κ
(W
 m
-1
K
-1
)
T (K)
κ
mag
Figure 2.17: Decomposition of the
experimentally determined κmag of
SrCuO2 (black line) into a spinon-
phonon drag part (green line) and the
intrinsic thermal conductivity of the
spin chain (gray line).
problem. A temperature dependence for κ is then derived, by solv-
ing the semi-classical Boltzmann equation. A reproduction of this
derivation is beyond the scope of this thesis, but can be found in
reference [132]. It leads to a temperature dependence of the ther-
mal conductivity, which is quite different compared to that of the
Drude weight:
κmag ∼


T 2 forT ≪ Tm ,
T−1 forTm ≪ T ≪ θD/4,
T 0 forT ≫ θD/4.
(2.56)
Tm is a crossover temperature between the impurity and phonon-
scattering dominated regimes. θD is the Debye temperature. Ac-
cording to the assumptions, the temperature dependence of κmag
is valid in the limit of weak spin-lattice coupling and fast spin ex-
citations. As shown in figure 2.15 the magnetic thermal conduc-
tivity of Sr2CuO3 can be fitted quite well with these proportional-
ities. This fit however requires a dubiously large Debye tempera-
ture θD ≈ 1000K. SrCuO2, as shown in figure 2.16, cannot be fitted
by equation 2.56. As a solution, an additional transport mecha-
nism, the so-called spinon-phonon drag was proposed [127]. This
name is given in analogy to the electron-phonon drag, that is dis-
cussed in the thermoelectric phenomena in metals and semicon-
ductors [134]. A sketch of the spinon-phonon drag is shown in fig-
ures 2.17 and 2.18. The temperature dependence of this drag con-
tribution is discussed in detail in reference [135]. For spin chain
systems the predictions are presented in the following. At low tem-
peratures the drag conductivity has to go to zero as
κdrag ∼ T 2+Ds+m , (2.57)
where Ds represents the dimensionality of the spin system and
m depends on the details of the spin-phonon coupling. A stan-
dard coupling should result inm = 3 according to reference [135].
Therefore, the expected proportionality of∼ T 6 is subleading, with
regard to the previous discussed mechanisms. For very large tem-
peratures T ≫ΘD , J the drag conductivity should decrease similar
to the phononic conductivity as
κdrag ∼ 1/T. (2.58)
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This makes the prediction of a overall peak structure for the spin-
phonon drag reasonable. However, no distinct prediction is pos-
sible for the regime ΘD ≪ T ≪ J , although naively also a ∼ 1/T
dependence is expected. The spinon-phonon drag can only occur
in sufficiently clean systems. If the impurities affect both the spin
and the phonon system, the proportionalities
Figure 2.18: Sketch of the proposed
spinon-phonon drag. On the left side,
the phononic system (blue circles) has
its momenta evenly distributed. The
energy of a spinon (larger red circle)
scattering at a phonon, is dissipated
very efficiently, without any change to
the phononic bath. The situation on
the right side is different. The overall
number of phonons is smaller. There-
fore spinon-phonon scattering is no
longer a weak perturbation of the sys-
tem. Several spinon-phonon scatter-
ings have lead to a preferred direction
of the phonon thermal current along
the direction of the spinons.
κph ∼ 1/nimp (2.59)
κdrag ∼
(
1/nimp
)2
(2.60)
are expected. Otherwise, the drag conductivity is expected to be re-
duced together with the diagonal conductivity of themost affected
species of excitations.
The coupling of spinons to phonons is also studied in an ap-
proach by Shimshoni, Andrei and Rosch22. Studying ideal S = 1/2
22Efrat Shimshoni, Natan Andrei
and Achim Rosch (2003) [136]
spin chains coupled to phonons, they find the proportionality
κmag ∼ exp(T ∗/T ), (2.61)
where T ∗ is predicted to be close to θD/2. This result is basi-
cally consistent with the spinon-phonon coupling by a general
Umklapp process as introduced in equation 2.47. Inserting equa-
tion 2.61 into equation 2.45 shows this, as it reproduces lsp.
2.5.5 Conclusions
Due to its straight forward interpretation, the analysis of the mag-
netic thermal transport in the following chapters will focus mainly
on the approach presented in section 2.5.2. Spinon-defect scat-
tering will be studied in chapter 6, which is feasible because of
the large number of defects in CaCu2O3. The results from sec-
tion 2.5.3 will be used to propose a possible interpretation for the
measured data. The compounds, for which a spinon-phonon drag
is expected, are discussed in chapters 5. Therefore fits accord-
ing to the approach presented in section 2.5.4 are discussed there.
Another possible scatteringmechanism, spinon-spinon scattering
has been neglected so far. This is, because it is generally consid-
ered to be weak [28] in the absence of an external magnetic field.
CHAPTER 3
Experimental
background
“Basking areas,” said Louis. “The
Outsiders live on thermoelectricity.
They lie with their heads in sunlight
and their tails in shadow, and the
temperature difference between the
two sets up a current.”
Ringworld, Larry Niven (1970)
The measurement of the thermal conductivity by the steady
state method is a reliable standard technique for low temperatures
up to room temperature. Its basics are explained in many text-
books [42, 43]. Most details, of the specific implementation used
for the measurements done in this work, can be found in previous
PhD and diploma theses [16, 44–46, 52, 137–141]. Therefore, only
the fundamentals of the method will be covered here.
Figure 3.1: Sketch of the experimental
technique (top) and picture of a real
setup (bottom).
3.1 Measurement principle
The thermal conductivity κ(Tm) at a temperature Tm is defined
by Fourier’s law 2.3 introduced in section 2.1. This directly leads
to an experimental setup as shown in figure 3.1. A cuboidal sam-
ple is glued free standing with one of its small faces of area A to a
heat reservoir of the temperature T0. A heat source of temperature
T1 > T0, in form of a resistive heater, is positioned on the opposite
face. This leads to a thermal current ji through the sample. The
heater power Ph is monitored by operating with a constant elec-
trical current Ih and measuring the voltage drop Uh . Hence the
generated thermal current is given as
ji =
Ph
A
= Uh Ih
A
. (3.1)
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The applied heat current will give rise to a temperature gradient
∇T that is measured in form of a thermal voltageUth by a differen-
tial thermocouple positioned with both contacts in a distance of l
on the sample. The temperature difference between both contacts
can be obtained by ∆Tl = Uth/Sth, where Sth is the temperature
and magnetic field dependent thermo power of the thermocouple
(see figure 3.2). To get rid of possible background voltages the ther-
mal voltage is measured twice withUonth and without applied ther-
mal gradientUoffth and then subtractedUth =Uonth −Uoffth . Assuming
the thermal gradient to be homogeneous throughout the sample
one gets
(∇T )i =
∆Tl
l
= Uth
Sthl
. (3.2)
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Figure 3.2: Thermopower of an Au/Fe-
Chromel thermocouple in an external
magnetic field of 0T (blue circles) and
14T (red squares).
The technique is called steady state method as measurements
are only performed either in thermal equilibrium or with a stable
thermal gradient. The mean sample temperature during the mea-
surement is given by
Tm = T0+ (d +0.5l) (∇T )i (3.3)
with d being the distance from the heat reservoir to the nearest
thermocouple contact. Putting everything together, this leads to
the measured thermal conductivity
κ(Tm)=
UhIh
A
· Sthl
Uonth −Uoffth
= Ph · l
A ·∆Tl
. (3.4)
The above calculations assume, that the whole heater power is
transferred to the sample. In addition to unavoidable losses
through the leads, which will be discussed in the next section,
other methods of heat dissipation from the hot reservoir are con-
vective heat transfer and thermal radiation. Convection is mini-
mized byworking in a vacuum. Radiation losses on the other hand
cannot be avoided as each solid with finite temperature Tx has a
net radiating power Prad of
1
1Josef Stefan (1879) experimental
discovery [142]
Ludwig Boltzmann (1884) theoreti-
cal derivation [143]
Prad = εσS
(
T 4x −T 40
)
(3.5)
to its surroundings of temperature T0. Here, S is the surface area,
σ the Stefan-Boltzmann constant and ε the emissivity, which for a
perfect black body is ε= 1. For a body of temperature Tx = T0+δT
with δT ≪ T in the sample chamber this relates to
Prad = 4εσST 30 δT +O
(
T 20
)
. (3.6)
Since the radiation losses increase with the third power of the tem-
perature of the sample chamber, this measurement technique can-
not be used at high temperatures.2 Relating the considerations
2For typical sample geometries a
practical limit is found around 350K.
above to the experimental setup, radiation losses originate from
the surface of the heater and the sample. As the heater is kept
at constant temperature equation 3.6 may be used directly to es-
timate losses with δT representing the temperature increase with
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Figure 3.3: Thermal conductivity of
Zn doped CaCu2O3 along the crystal-
lographic c axis without accounting
for radiation losses (red squares) and
with a correction as given by formula
3.9.
respect to the surrounding. The sample on the other hand is not
of constant temperature and it is therefore necessary to integrate
equation 3.6 over the sample surface.3 Eventually, this leads to an
3A detailed derivation together
with a discussion on the conse-
quences of the sample shape can be
found in reference [44].
overall radiation loss
Pa = 4σ
[
(w +h)εs
L2
l
+Shεh
L
l
]
T 30 δT =:CT 30 δT. (3.7)
The new variables which have been used are width, height and
length of the sample w ,h and L, the surface area of the heater Sh
and the respective emissivities εs for the sample and εh for the
heater. With equation 3.7 for the radiation loss the actual heat flow
through the sample P0 can be calculated as Ph −Pa = P0. Hence
equation 3.4 may be divided in a part describing thermal conduc-
tion and an additional term for radiation
κ(Tm)=
P0 · l
A ·∆Tl
+ Pa · l
A ·∆Tl
=κ0 (Tm)+
Pa · l
A ·∆Tl
. (3.8)
This leads to a corrected thermal conductivity
κ0 (Tm)=κ(Tm )−CT 30
l
A
. (3.9)
For samples with an overall small thermal conductivity the rela-
tive difference between measured and corrected κ is larger. In fig-
ure 3.3 a sample with a relatively small thermal conductivity but
favorable geometry is shown with and without a correction for ra-
diation losses.
3.2 Experimental details
The main purpose of a probe for a thermal conductivity experi-
ment is to provide a sample chamber with persistent vacuum tun-
able from 4.2K-350K where the setup shown in figure 3.1 can be
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Figure 3.4: Layout of the probe for
thermal conductivity measurements.
Reproduced from [44]
implemented. A design for such a probe is shown in figure 3.4
and has been discussed in detail in the works cited in the introduc-
tion to this chapter. Therefore only a few peculiarities of the actual
setup as well as the main sources of uncertainty will be discussed.
Fixing the sample to the thermal bath and heat source as
well as mounting the thermocouple are usually done by glueing.
The standard glue in low temperature applications is GE-Varnish4
4General Electrics - Insulating var-
nish
which is thermally conducting and electrically insulating and was
used for the connection of the heater and the thermocouple to
the sample. A good thermal as well as mechanical connection of
the sample to the heat reservoir is of utmost importance for a suc-
cessful experiment. As it turned out the use of super glue5 instead
5Uhu Sekundenkleber - Superflex
Gel
of GE-Varnish improved the mechanical connection without nega-
tive impact on the thermal anchoring.
The heat source was build by winding a small (Ø = 20µm) man-
ganin6 wire around a copper core. Manganin is used because of its
6Alloy of 86% Cu, 12% Mn and 2%
Ni
high electrical and thermal resistance. Thewhole heater in the end
had a typical resistance of ≈ 500Ω. The manganin wire addition-
ally decouples the heater from the heat reservoir to which it is in-
evitably connected (cf. figure 3.1). For the thermocouple a combi-
nation of Au0.93Fe0.07 and Chromel-P wires were used7. This com-7Leico Industries Inc., Ø = 76µm bination of wires has the advantage of a non disappearing thermo
power down to 4K due to the Kondo effect at ≈ 17K seen in fig-
ure 3.2. In order to minimize heat losses by the thermocouple its
wires were kept thin and long (> 8cm).
Some samples could not be handled on air. Therefore a setup
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shown in figure 3.5 was devised to install the sample to the sample
chamber in an inert gas atmosphere. The tip of the probe with the
Figure 3.5: Experimental setup to in-
stall the sample to the sample cham-
ber in an inert gas atmosphere.
sample chamber ends in an open box, that can be filled by Argon.
As this noble gas is heavier than air, it will stay in the box and seal
the sample off the air. For further protection of the sample (i.e.
while working in the box) it is possible to keep the sample chamber
under a constant Argon flow.
Themain source of uncertainty in themeasurement of κ stems
from the determination of the geometry of the setup. This includes
the exact dimensions of the sample as well as the position of the
thermocouple contacts. For a cuboidal shaped sample with a well
positioned thermocouple the error is ≈ 10% and may get much
larger for an ill defined sample geometry. The next largest source
of uncertainty is the gauge of the thermocouple (cf. figure 3.2) for
which the error is usually smaller than≈ 5%. The temperature fluc-
tuations of the heat reservoir were kept smaller than ∆T < 5mK
by using a high quality temperature controller8 and are therefore
8Lakeshore 340 or Lakeshore DRC-
93CA
negligible. The thermocouple wasmonitored by a nanovoltmeter9
9Keithley 2182
over appropriately shielded wires and for the heater a separate cur-
rent source10 and multimeter were used11 so that all uncertainties
10Keithley 224, Keithley 238 or
Keithley 2400
11Keithley 2000 or HP 34401A
of the electrical measurements are smaller than 1% and can safely
be disregarded. Hence, unless otherwise noted a maximum over-
all relative uncertainty of ≈ 15%may be assumed. The largest part
of the uncertainty comes from the determination of the geometry.
Since this stays constant for a complete κ(T ) measurement, the
10% may be viewed as overall scaling factor. Therefore, the indi-
vidual uncertainty between each data point of a measurement is
much smaller and. 5%.
3.3 Thermal equivalent circuit
Figure 3.6 shows a thermal circuit diagram for the measurement
setup discussed in section 3.1. In analogy to an electrical circuit
diagram, the resistors represent the thermal resistance of the leads
and the sample. The analogy to the electrical power supply is the
sample heater, that creates a potential difference with reference to
the heat reservoir. Since the definition of the thermal conductivity
(equation 2.3) is analogous to that of the electrical conductivity, it
is possible, to calculate the currents in such a network by the same
algorithms [144, 145] that are used to simulate electrical circuits.12
12To simulate the results, discussed
in the following, the program LT-
Spice/SwitcherCAD III from Linear
Technology was used.
For a successful measurement, the current through the leads
(Chromel, Gold and Manganin) has to be negligible in compari-
son to the current through the sample.13 The exact distribution of
13The sample is divided into three
parts called sample1-3 in figure 3.6.
the current, between the sample and the leads depends on various
factors, such as the thermal conductivity of the sample, the geom-
etry of the sample and the leads, as well as the geometry of the GE-
Varnish connections. In order to get some estimate, the simulation
was run for typical sample sizes ∼ (2 ·0.5 ·0.5) mm and thermal
conductivities 1−100W/mK, with lead geometries as introduced
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in section 3.2. As already figure 3.6 indicates, it is absolutely nec-
essary to decouple the heater from the heat reservoir by a resistor.
In the figure, a manganin resistor is shown, which efficiently ful-
fills this purpose. Already 1mm of manganin wire, with a diameter
of 20µm, reduces the current to < 0.1% of the current through the
sample, at all temperatures. A copper wire is not enough for this
purpose. Calculations showed, that the thermal current through
a 4cm long, 50µm thick copper wire can be as large as 50% of the
total current through the sample, at 10K.
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Figure 3.6: Thermal circuit diagram
for the steady state setup. The resis-
tors represent the respective thermal
resistances. Enclosed by the dashed
blue line is the total thermal resistance
of the sample. The resistances due
to the GE-Varnish connections are not
shown, for the sake of simplicity, but
are included in the calculations.
As expected, the largest current in the leads, is found in the
gold wire of the thermocouple. As it turned out, a thermocouple
with the length of 8cm misdirects < 0.1% of the total current at
300K and < 1% at 10K. Therefore, as long as a large enough ther-
mocouple is used, this source of experimental error can safely be
ignored.
CHAPTER 4
The spin-Peierls
compounds TiOCl and
TiOBr
In physics we have dealt hitherto
only with periodic crystals. To a
humble physicist’s mind, these are
very interesting and complicated
objects; [...] Yet, compared with the
aperiodic crystal, they are rather
plain and dull. The difference in
structure is of the same kind as that
between an ordinary wallpaper in
which the same pattern is repeated
again and again in regular
periodicity and amasterpiece of
embroidery, say a Raphael tapestry,
which shows no dull repetition, but
an elaborate, coherent, meaningful
design traced by the great master.
What Is Life?, Erwin Schrödinger
(1944)
Understanding low-dimensional quantum S = 1/2 systems, is one
of the challenges of contemporary condensed matter physics. In
particular, transition metal oxides provide a rich playground for
studying novel phenomena, arising from the interplay between
lattice, orbital, spin, and charge degrees of freedom. The phe-
nomenon studied in this thesis, is the occurrence of an overall
large magnetic thermal transport κmag. As the overview in sec-
tion 2.5.1 shows, in all systems where a substantial κmag has been
found so far, the magnetic ion is copper. On the quest for new
systems, in this chapter, a family of compounds with titanium as
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magnetic ion is explored. This family is composed of TiOBr and
TiOCl and contains S = 1/2 antiferromagnetic spin chains due to
a direct overlap of the Ti orbitals. The relatively high magnetic ex-
change constants of these titanium oxyhalides render them good
non-cuprate candidates, for exhibiting a sizeable magnetic heat
conductivity. However, the situation is complicated by the fact,
that the systems undergo a spin-Peierls transition at low temper-
atures.
4.1 Introduction
Figure 4.1: Crystal structure of TiOCl
reproduced from [146]. The symme-
try is Pmmn with lattice constantsa =
3.79Å, b = 3.38Å, c = 8.03Å [147, 148].
The crystal structure of TiOBr is simi-
lar with Br atoms instead of Cl. The
symmetry group is unchanged and the
lattice constants are a = 3.79Å, b =
3.49Å, c = 8.53Å [149].
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Figure 4.2: Magnetic susceptibility
of CuGeO3. The dashed line marks
the transition to the non-magnetic
ground state at Tc ≈ 14K. Reproduced
from reference [150].
Considering for a moment the systems presented in the overview
in section 2.5.1, one can find two common characteristics. First,
they are in a [Cu]3d9 configuration, which gives rise to S = 1/2.
Second, along the low-dimensional structure a large exchange cou-
pling J/kB ≈ 2000K is found. These in many aspects excellent re-
alizations of S = 1/2 Heisenberg chains, do not undergo a spin-
Peierls transition. Such a transition leads to a spin-dimerized
ground state at the expense of a lattice distortion, that normally
should arise from the spin-phonon coupling of a spin chain and
the phonon system in which it is embedded. More information
on such a transition can be found in section 1.3. Due to the non-
magnetic ground state, the dimerization can be identified by a dis-
tinct drop of themagnetization around the transition temperature.
Surprisingly, only one Cu based spin system, CuGeO3, is known to
exhibit a spin-Peierls transition [150, 151]. The exchange energy
of this compound is J/kB ≈ 160K [152] and the transition to the
non-magnetic ground state is at Tc ≈ 14K, as can be seen in fig-
ure 4.2. The heat conductivity of CuGeO3 has been studied by sev-
eral groups [153–155] with controversial results. One-dimensional
magnetic heat conductivity has been suggested to give rise to a sig-
nificantly enhanced heat conductivity at T < Tc [153]. However,
the observed low-temperature peak has been shown to be pres-
ent both in the heat conductivity parallel and perpendicular to the
chain and thus can be rationalized in terms of phononic transport
alone [155].
Also spin S = 1/2 systems, but based on early transition metal
ions with electronic configuration 3d1, the titanium oxyhalides
TiOX, with X=Br or Cl shifted recently into focus. These com-
pounds are considered as good realizations of S = 1/2 spin chains,
which are formed by direct overlap of Ti t2g orbitals, along the crys-
tallographic b direction [148, 156, 157] with rather high magnetic
exchange coupling J (Cl)/kB ≈ 676K [148, 156] and J (Br)/kB ≈
375K [158–160]. The magnetic susceptibility together with a
Bonner-Fisher fit (cf. section 1.3) is shown in figure 4.3. A pic-
ture of the crystal structure is given in figure 4.1. The compounds
undergo two phase transitions Tc1, Tc2 [158, 161] where the lower
one, at Tc1, leads to a non-magnetic dimerized state [156] which is
accompanied by a doubling of the unit cell [159, 162]. These fea-
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tures thus render the Ti oxyhalides the second (besides CuGeO3)
type of inorganic compounds which undergoes a spin-Peierls tran-
sition. However, as compared to CuGeO3 the dimerized state oc-
curs at much higher temperatures, viz. Tc1,Cl = 67K for TiOCl and
Tc1,Br = 28K for TiOBr. Additionally, several experimental results
are inconsistent with a canonical spin-Peierls scenario. There are
two successive phase transitions and the transition to the non-
magnetic state at Tc1 is of first [159, 161, 162] and not of second
order as in CuGeO3. The two phase transitions can already be seen
in the magnetic susceptibility, as shown in the lower part of fig-
ure 4.3. Interestingly, in the intermediate regime between Tc1 and
Tc2 an incommensurate superstructure is found [163–166]. Above
Tc2 (Tc2,Cl = 91K for TiOCl and Tc2,Br = 48K for TiOBr) the system
is in a pseudo spin-gap regime up to a characteristic temperature
T ∗ which for TiOCl extends up to T ∗ ≈ 135K with a large singlet-
triplet energy gap of Eg = 430K [165, 167–169]. First explanations
of the intermediate phase proposed orbital fluctuations but this
has been ruled out by optical measurements in combination with
cluster calculations that showed, that the crystal field splitting is
large enough to quench the orbital degree of freedom [158]. Recent
explanations focus on the interplay between intra- and interchain
frustrations and a related dimensionality crossover [163, 165, 170–
173]. Detailed overviews of the physics of the TiOX can be found
in [174–176].
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Figure 4.3: Magnetic susceptibility of
TiOCl. The upper picture shows the
whole temperature range and the red
line is a fit according to formula 1.24.
The lower picture shows the magnetic
susceptibility of TiOCl at low temper-
atures. The two phase transitions are
indicated by the dashed lines. Repro-
duced from reference [156].
4.2 Experimental details
Single crystals of TiOCl and TiOBr were synthesized by a chem-
ical vapor transport technique leading to small plate-like crys-
tals [147, 177, 178]. The crystallinity was checked by x-ray diffrac-
tion. Typical crystal dimensions are a fewmm2 in the ab-plane but
only around 20µm along the c axis. Rectangular samples with typ-
ical dimensions of (2×1×0.02) mm3 with the longest side being
parallel to the a and b axis, respectively, were cut from the crystal
plates with a scalpel. Measurements of the thermal conductivity
as a function of temperature T in the range of 7–300K were per-
formed with the standard four probe technique [179] introduced
in section 3.1. Because of the small thickness of the crystals the
usual uncertainty of 10% for κ due to the error in the determina-
tion of the crystal geometry is exceeded by some extent. Further-
more, the small thickness along the c axis also prevented to mea-
sure κ along this direction. In order to compare the anisotropy of κ
along the a and b directions the individual samples were cut from
the same crystal plate thus keeping the relative error between the
two directions small. Themounting of TiOBr into the heat conduc-
tivity probe was performed under Argon atmosphere in order to
minimize degradation of the sample. The setup for this procedure
is discussed in section 3.2. A picture of a TiOCl single crystal to-
gether with the resultingmeasurement setup is shown in figure 4.5.
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Figure 4.4: Thermal conductivities
κa (◦) and κb () of TiOCl as a function
of T . The insets depict the behavior of
the thermal conductivity around the
respective phase transitions. Insets (a)
shows the hysteretic behavior around
the phase transition at Tc1 which is
characteristic for a first-order transi-
tion. The arrowsmark the correspond-
ing curves for cooling and heating.
The lower inset (b) shows κ around
the transition at Tc2 also measured for
cooling and heating. The respective
curves are on top of each other as no
hysteresis is found. Therefore the tran-
sition is of second order.
4.3 Results
Figure 4.5: TiOCl single crystal (top)
and resulting thermal conductivity
setup (bottom).
Figures 4.4 and 4.6 show the temperature dependence of the ther-
mal conductivities along the a and b axes (κa and κb) of TiOCl and
TiOBr in zeromagnetic field. First, the results for TiOCl, which are
shown in figure 4.4 are discussed. A first glance at the data already
suggests, that the temperature dependence of κ is governed by the
two phase transitions at Tc1 and Tc2, which divide the data into
three regimes. At low temperature the heat conductivity parallel to
the chains, κb , exhibits a strong peak at ≈ 25K, with a maximum
value κb ≈ 58Wm
−1K−1. This is a typical feature of a phononic
heat conductivity κph at low temperature (cf. section 2.3). Interest-
ingly, κb deviates from the conventional behavior at Tc1. There, a
sharp drop occurs to about 60% of the value of κb , just below the
transition. In the intermediate phase κb continuously decreases
further with rising T , just until Tc2 is reached. Upon rising T
through Tc2, it is found that κb changes its slope. In the entire high
temperature phase, i.e., at T > Tc2, κb exhibits a weak increase up
to room temperature.
A very similar temperature dependence is observed in the heat
conductivity perpendicular to the chains, κa . In this case, the peak
at T ≈ 25K is somewhat smaller (κa,max ≈ 48Wm−1K−1) than that
in κb . A similarly sharp drop as in the latter occurs at Tc1. However,
the actual drop at the transition is relatively weaker as in the other
direction. Interestingly, despite a similar further decrease of κa ,
when rising T towards Tc2 as in κb , the thermal conductivity κa
remains always somewhat larger in this intermediate regime. The
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Figure 4.6: Thermal conductivities
κa (◦) andκb () of TiOBr as a function
of T . The insets depict the behavior of
the thermal conductivity around the
respective phase transitions. Inset (a)
shows the hysteretic behavior around
the phase transition at Tc1 which is
characteristic for a first-order transi-
tion. The arrowsmark the correspond-
ing curves for cooling and heating.
The lower inset (b) shows κ around
the transition at Tc2 also measured for
cooling and heating. The respective
curves are on top of each other as no
hysteresis is found. Therefore the tran-
sition is of second order.
slope of κa changes at Tc2, but remains negative up to T ≈ 150K,
in contrast to the findings for κb (cf. figure 4.4(b)).
Before discussing these peculiarities in detail, the results for
TiOBr, which are shown in figure 4.6, are briefly summarized. The
general T -dependence of κ has large similarities with that of Ti-
OCl, including the observed anomalies. Especially at T < Tc2 the
anisotropy between κa and κb is similar to that of TiOCl. More
specifically, at T < Tc1 κa < κb is found, and κa > κb at Tc1 <
T < Tc2, i.e. the drop at Tc1 and the reduction of κ are relatively
stronger in κb than that in κa . There are, however, slight differ-
ences which are worth to be pointed out: First, the phononic peak
of both κa and κb of TiOBr is by a factor of about 4 larger than that
in TiOCl and is located at somewhat lower temperature (≈ 17K).
Both features point to a lower defect density in the case of TiOBr.
This is corroborated by room temperature x-ray diffraction, which
showed much sharper spots for TiOBr. The related pictures can
be found in figure 4.7. Second, the anomaly in κb at Tc2 is much
stronger than that in TiOCl since a clear dip is observable at the
transition (cf. figure 4.6(b)). Moreover, in contrast to TiOCl it is
observed that both κa and κb decrease with rising temperature at
T > Tc2 up to room temperature where κa remains slightly larger
than κb .
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Figure 4.7: X-ray diffraction image of a
TiOCl single crystal (top) and for a sim-
ilar TiOBr crystal (bottom).
The overall very weak anisotropy of the κ data suggests without fur-
ther analysis the unexpected conclusion that magnetic heat trans-
port in the spin chains of this material is negligible in both TiOCl
and TiOBr. Otherwise a significant enhancement of κb with re-
spect to κa should occur since heat transport by magnetic excita-
tions is only expected along the one-dimensional spin chain, i.e.
parallel to b. One might speculate that the weak anisotropy that is
present in the low temperature regime T < Tc1 is the indication of
a weak magnetic contribution along b which could give rise to the
observed κb > κa . However, the observed anisotropy by a factor
≈ 1.2 matches that of other phononic heat conductors [179, 180]
and can conventionally be explained by differences in the phonon
velocity.
At higher temperatures (T > Tc1) magnetic contributions ap-
pear even more unlikely, since in all cases κb . κa . However,
in this regime a small magnetic contribution to κb might still be
present if the expected anisotropy was masked by differences in
the phononic transport along the two crystallographic directions.
Concentrating only on the thermal conductivity κb the thus max-
imum possible κmag is estimated by performing a phononic fit
based on the Callaway model (cf. section 2.3.3) to the low tem-
perature peak and extrapolated towards room temperature. The
fit is depicted by the solid line in figures 4.4 and 4.6 and yields
a very good agreement up to Tc1 but deviates strongly from the
data at higher temperatures. In particular, at high temperatures
(T & 180K) the fit is clearly lower than the data. The difference
between the fit κph,Fit and the data at room temperature can be
used to obtain an upper estimate for the possible magnetic contri-
butions κmag = κb −κph,Fit. In order to analyze the thermal trans-
port, the magnetic mean free path lmag is estimated by an approx-
imation of κmag of a S = 1/2 Heisenberg chain [111, 181] given by
equation 2.44. For both compounds this yields a negligibly small
mean free path of only a few Ångström. For TiOCl this is shown by
the red circles in figure 4.9. A different approach to estimate κmag
follows an analysis described in reference [102] using the, for one-
dimensional spin systems exactly known, thermal Drude weight
Dth (cf. to section 2.5). For this estimation κmag is divided into Dth
and a parameter describing the extrinsic scattering τ(T ) accord-
ing to equation 2.36. To extract the mean free path lmag the kinetic
approach is used
lmag (T )= vmag (k,T )τ(T ) (4.1)
were vmag represents the velocity of the propagating spin excita-
tions. For vmag (k,T ) an average velocity vmag (T ) is calculated by
weighting with the distribution function f (ε,T )
vmag (T )=
1
~
[ˆ
∂ε
∂k
f (ε,T )dk
]/[ˆ
f (ε,T )dk
]
. (4.2)
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Figure 4.8: Thermal conductivity κb
as a function of T in TiOBr with
(κb,14T (△)) and without (κb ()) an
applied magnetic field of 14T along
the chain direction. Inset (a) illus-
trates the shift of Tc1 towards lower
temperatures in the presence of amag-
netic field. In inset (b)∆κ=κb−κb,14T
shows the decreasing influence of the
magnetic field on κb in the intermedi-
ate regime. The curves used in the sub-
traction are from the measurements
that approach the phase transitions
from low temperatures.
For ε, the energy dispersion of a spin chain given by equation 1.21
is used. Assuming fermionic statistics for the spinons according
to reference [24] the distribution function has the form f (ε,T ) =(
exp(ε/kBT )+1
)−1
. With this, everything is in place and it is possi-
ble to extract the magnetic mean free path, which is also of similar
order of magnitude as the result from equation 2.44 (cf. figure 4.9).
Considering the fact, that the Callaway model usually underesti-
mates κph at room temperature [61, 62] and that κb . κa at higher
temperature, any realistic value for the mean free path should be
even smaller. This essentially rules out magnetic transport in the
Ti oxyhalides.
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Figure 4.9: Mean free paths lmag of
TiOCl calculated by assuming a gen-
eral Umklapp process according to
equation 2.44 (red circles) and by em-
ploying the Drude weight as in equa-
tion 2.36 (blue squares).
There are not many scenarios which straightforwardly explain
this unexpected result. The absence of magnetic heat conduction
in magnetic materials has been discussed by Sanders and Walton
in terms of a very large magnon-phonon relaxation time [182]. It
is obvious that this situation cannot be realized in Ti-oxyhalides
since a significant spin-phonon coupling must be present in these
compounds to allow for a spin-Peierls transition at considerably
high temperatures. In fact, it is therefore more reasonable to ex-
plain the absence of magnetic heat conduction by a particularly
strong spin-phonon coupling which gives rise to strong scatter-
ing of spin excitations and thus prevents the magnetic heat con-
duction. One might speculate that even more exotic excitations
such as orbital fluctuations are relevant for suppressing κmag. It
has to be pointed out, however, that orbital excitations have been
shown to be unimportant for the low-energy physics in these com-
pounds [157, 158].
The negligible magnetic heat conduction in the Ti-oxyhalides
implies that the unusual temperature dependence and also the
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slight anisotropy should be rationalized in terms of pure phonon
heat conduction, which has been proven to be a sensitive probe
to peculiarities of the lattice such as superstructures and disor-
der [179, 180, 183, 184]. The considerable jump in κ at Tc1 clearly
indicates that the phonon heat conduction in the intermediate
phase is strongly suppressed with respect to that of the commen-
surate dimerized phase at T < Tc1 where ordinary phonon heat
conduction is observed. This reflects the abrupt transition towards
a lattice with strongly disturbed periodicity and anharmonicity,
which causes enhanced phonon scattering and is entirely consis-
tentwith the incommensurate lattice distortion in this regime [164,
167, 185]. Investigating the nature of this phase transition at Tc1,
one finds for both compounds a clear hysteretic behavior which
confirms the transition being of first order (see figure 4.4(a) and
4.6(a)). Such first-order character has already been reported from
magnetic susceptibility, specific heat, thermal expansion and x-ray
data of the superstructure satellites [157, 158, 161, 162]. Since the
magnetic exchange is smallest in TiOBr, it seemed to be feasible
to search for possible effects of a magnetic field on κb in this com-
pound. As is depicted in figure 4.8, a magnetic field of B = 14T
along the b direction has only little influence on the thermal con-
ductivity κb,14T. However, a slight downshift of the phase transi-
tion at Tc1 by ≈ 400mK is consistent with a downshift of ≈ 130mK
that has been reported from x-ray diffraction at B = 10T for Ti-
OCl [186]. Moreover, starting at Tc1, κb,14T is slightly smaller com-
pared to themeasurement without field, but gradually approaches
it for increasing temperature. In figure 4.8(b) the difference ∆κ =
κb −κb,14T between both curves is shown, illustrating the decreas-
ing influence of the magnetic field, until it vanishes at Tc2. This
suggests that the spin-induced incommensurate lattice distortion
in this intermediate phase is further enhanced by an external mag-
netic field. Theoretically, the influence of a magnetic field on the
spin and heat transport of a dimerized chain was studied in refer-
ence [187]. The predicted enhancement of κmag is not observed,
but this may be simply due B≪ J .
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Figure 4.10: NMR results for the Ti-
sites. Reproduced from [168].
The thermal conductivity across the phase transitions at Tc2
shown in more detail in figure 4.4(b) and 4.6(b), does not exhibit
a hysteretic behavior which is indicative of a second-order transi-
tion. The overall impact of this transition on κ is much smaller
than that at Tc1. Interestingly, in the high-temperature phase
above Tc2, the thermal conductivity appears still significantly sup-
pressed with respect to the low-temperature phase at T < Tc1.
In figures 4.4 and 4.6 this is clearly seen when comparing the
data to the phononic fit which remains much larger than κ up to
T ∗ ≈ 100K and T ∗ ≈ 180K for TiOBr and TiOCl, respectively. Only
at higher temperatures a more typical behavior is observed with
κph,Fit < κ. The apparent suppression of κ in the regime Tc2. T .
T ∗ clearly indicates, that strong phonon scattering occurs despite
the absence of any static long range lattice distortions. A reason-
able origin of this enhanced scattering are precursors of the spin-
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Peierls transition, either as short-range static lattice distortions or
as slowly fluctuating precursors (soft phonon type). This is con-
sistent with the pseudo-gap seen in magnetic resonance measure-
ments [148, 167, 168] (cf. figure 4.10) and incommensurate struc-
tural fluctuations found by x-ray diffraction [185].
In both compounds the suppression of κ in the intermedi-
ate phase is clearly anisotropic, since the drop of κb at Tc1 is
relatively stronger as compared to κa and κb<κa in the entire
phase, where κb of TiOBr even shows a local minimum at Tc2.
Similar anisotropic scattering has previously been observed, e.g.,
in stripe-ordering compounds which possess anisotropic correla-
tion lengths of the stripe order close to the transition [180]. The
stronger suppression of κb than κa in the present case can be un-
derstood by looking at the modulation amplitudes for TiOCl [185]
and TiOBr in the incommensurate phase [164]. Those indicate that
the shifts of the atoms out of the periodic position of the structure
at room temperature are larger in the direction of the b axis than
those along the a axis. The resulting larger anharmonicity along
b is likely causing increased scattering and therefore the observed
lower thermal conductivity.
There is a slight difference in the thermal conductivity between
both compounds near room temperature where phonon scatter-
ing arising from the spin-Peierls transition can be considered to
be relatively weak. For TiOBr the slope of κ is negative while it is
positive for TiOCl. At the same time the absolute value of κ is sig-
nificantly higher in TiOBr. This corroborates the previous conclu-
sion, that the TiOBr crystals have a lower defect density than the Ti-
OCl ones, because the observed temperature dependence of κ for
TiOBr ismuch closer to the expected∼ T−1 decrease of a cleanpho-
non heat conductor (cf. reference [188] and section 2.3). On the
other hand, the lower κ of TiOCl with a weak positive slope is typ-
ical for more disordered heat conductors, where also rather small
contributions to κ, such as heat transport by optical phonons be-
come relevant [58].
4.5 Summary
In conclusion, the magnetic thermal conductivity in the TiOX is
negligible due to strong spin-phonon scattering. The heat trans-
port can thus be understood in terms of pure phononic conduc-
tivity. At the phase transitions, strong anomalies are found, which
are consistent with the lattice distortions. Starting at low temper-
atures, the first phase transition Tc1 towards the dimerized state
can be shifted to lower temperatures by an external magnetic field.
Additionally, this leads to a slight suppression of the thermal con-
ductivity throughout the intermediate regime and gradually gets
smaller when approaching Tc2. Comparing the measurements
along the different crystallographic directions in this regime, the
stronger suppression along κb for both compounds is consistent
54 TiOCl and TiOBr
with a higher incommensurability of the lattice in this direction.
Finally, by a comparison of the extrapolated thermal conductiv-
ity from a phononic model to the measurement at higher tem-
peratures, it was argued that the thermal conductivity is still sup-
pressed up to a temperature T ∗, which is either a sign of short-
range lattice distortions or phonon softening.
CHAPTER 5
The spin chain
compounds SrCuO2 and
Sr2CuO3
"I should havemore faith," he said;
"I ought to know by this time that
when a fact appears opposed to a
long train of deductions it invariably
proves to be capable of bearing
some other interpretation.”
A Study in Scarlet, Sir Arthur Conan
Doyle (1887)
Fundamental conservation laws predict ballistic, i.e., dissipa-
tionless transport behavior in one-dimensional quantummagnets.
This truly ballistic heat transport suggests anomalously large life
times and mean free paths of the quantum spin excitations. De-
spite this rigorous prediction, as illustrated in section 2.5, in any
real system, the transport is dissipative, due to the interaction
of spinons with defects and phonons. Nevertheless, a promis-
ing large κmag has been observed in the two spin chain systems
Sr2CuO3 and SrCuO2. An estimate for their κmag was given in sec-
tion 2.5.1. Both systems are believed to be some of the best realiza-
tions of antiferromagnetic S = 1/2 Heisenberg spin chains. There-
fore, a closer look on both systems is justified. Besides the usual
introduction and experimental section, this chapter is divided into
two parts. In the first part, high purity samples of SrCuO2 in sec-
tion 5.3 and Sr2CuO3 in section 5.4 are investigated. Afterwards
these results are compared. In the second part, a controlled mod-
ification of the systems, by the inclusion of small amounts of cer-
tain types of defects is studied. First, in section 5.6 a subtle mod-
ification of the lattice is performed by the inclusion of Ca2+. Ca
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substitutes the Sr outside of the spin chains and leads to a chemi-
cal pressure on the spin chain. In section 5.7 the chains are doped
with magnetic Ni2+-ions. This presents S = 1 defects in the chains.
Then, in section 5.8, the influence of Mg2+ on the chains is investi-
gated. Magnesium is non-magnetic and leads to S = 0 defects.
Usually, also a straight forward experiment would be, to study
the thermal conductivity as a function of amagnetic field. This has
been done in other spin chain and ladder systems [104, 189, 190].
However, for SrCuO2 and Sr2CuO3 this is not possible, because of
the large exchange interaction. It would require fields, two orders
of magnitude larger than typical laboratory fields.
5.1 Crystal structure
Figure 5.1: Crystal structure of the sin-
gle chain compound Sr2CuO3. The
symmetry is Immm with lattice con-
stants a = 12.68Å, b = 3.91Å, c =
3.48Å [191].
Figure 5.2: Crystal structure of the
double chain compound SrCuO2. The
symmetry is Cmcm with lattice con-
stants a = 3.56Å, b = 16.32Å, c =
3.92Å [192].
The crystal structure of Sr2CuO3 is shown in figure 5.1. Its main
building block are corner sharing chains formed by CuO3 plaque-
ttes [191]. The chains are parallel to the crystallographic b-axis.
The intrachain exchange between neighboring Cu2+ sites is medi-
ated by 180° superexchange through the oxygen and is quite large
with J/kB ≈ 2150−3000K [193–195]. The Cu-O-Cu chains are sep-
arated by Sr atoms leading to an extremely small interchain in-
teraction of Jperp/kB ≈ 0.02K. Muon spin rotation and neutron
scattering measurements [196, 197] show that this material orders
three-dimensional only below TN ≈ 5.4K. These properties make
Sr2CuO3 the best known realization of a S = 1/2 Heisenberg chain
for T > 5.4K.
The main structural element in SrCuO2 is formed by CuO2 zig-
zag ribbons,1 which run along the crystallographic c-axis (see fig-
1In this case only two oxygen
atoms belong to the plaquette, be-
cause of the double chain structure.
ure 5.2 and the inset of figure 5.4). Each ribbon is composed of two
parallel corner-sharing CuO2 chains, where the straight Cu-O-Cu
bonds of each double-chain structure result in a very large antifer-
romagnetic intrachain exchange coupling J/kB ≈ 2100–2600K of
the S = 1/2 spins at the Cu2+sites [195, 198]. The frustrated and
much weaker interchain coupling
∣∣∣J ′ ∣∣∣/kB ≈ 200−500K [195, 199]
and presumably quantum fluctuations prevent three-dimensional
long range magnetic order of the system at T > TN ≈ 1.5− 2K ≈
10−3 J/kB K [200, 201]. Hence, at significantly higher T the two
chains within one double chain structure can be regarded as mag-
netically independent. In fact, low-T (12 K) inelastic neutron scat-
tering spectra of the magnetic excitations can be very well de-
scribed within the S = 1/2 Heisenberg antiferromagnetic chain
model [198].
Under an external pressure of 3GPa at 700°C or with a chem-
ical pressure as in Sr0.86Ca0.14CuO2 another phase of SrCuO2 is
formed [202]. Despite the occurrence of superconductivity [203],
this phase is of no importance to the magnetic heat transport and
therefore ignored.
Also the electronic properties of the two spin chains have gen-
erated a lot of interest. One of the highlights was the observation of
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the theoretically predicted spin-charge separation in SrCuO2 [204–
206]. However, in one-dimension the on-site Coulomb repulsion
always stabilizes a Mott insulating state [198, 207, 208]. Therefore
the electronic structure is not further discussed within the scope
of this thesis, as it is of no relevance to the thermal transport.
5.2 Experimental details
Large single crystals of pure SrCuO2 were grown by the traveling
solvent floating zone method [16, 209–213]. The feed rods were
prepared using the primary chemicals CuO and SrCO3 with both
2N (99%) and 4N (99.99%) purity. Regarding doping crystals of
Sr1−xCaxCuO2 with x=0, 0.0125, 0.025, 0.05, 0.1 were made. This
series forms a continuous solid solution up to approximately x=
0.75 without undergoing any structural phase transition. For 10%
Ca doping x-ray diffraction experiments showed a reduction of the
cell volumeby 1% in respect to the undoped compoundwhich is in
agreement with literature values [214]. As starting materials CuO
4N, SrCO3 2N and CaCO3 2N were used. Additionally, crystals with
x=0, 0.0125 were grown with all starting powders of 4N purity. Fur-
thermore, Ni doped crystals SrCu1−xNixO2 with x=0.0025, 0.005,
0.01 were grownwith all primary chemicals of 4N purity. And lastly
crystals of SrCu1−xMgxO2 with x=0.005, 0.01 were made also with
4N purity.
In the case of Sr2CuO3, single crystals with Sr2Cu1−xMgxO3
with x=0, 0.01 of 4N purity were grown. The crystals react rather
violently with water. Therefore, a hydroxide layer is formed at the
surface of the crystals, after a short exposure to air [16, 215, 216].
Because of this the crystals were annealed at 900°C in an oxygen
atmosphere for three days before further treatment. This reverts
the hydroxide layer back to Sr2CuO3, although in a polycrystalline
form [16].
The crystallinity and the doping profile of all crystals was
checkedunder polarized light andby energy-dispersive X-ray spec-
troscopy. For the transport measurements rectangular samples
with typical dimensions of (3 ·0.5 ·0.5) mm3 were cut from the
crystals for each doping level with an abrasive slurry wire saw.
Four-probemeasurements of the thermal conductivity κwere per-
formed in the 7–300K range as discussed in section 3 with the ther-
mal current along the a, b, and c-axes (κa , κb , and κc respectively).
5.3 Ballistic heat transport in SrCuO2
As shown in the overview of section 2.5.1, SrCuO2 is a prominent
example for a system with large κmag. Nevertheless, for this com-
pound a quantitative analysis of κmag has always been difficult,
since the phononic and magnetic heat conductivities are of simi-
lar magnitude at low temperature. In order to get a better separa-
tion of both contributions, two experiments are performed. First,
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Figure 5.3: Thermal conductivity κ
of SrCuO2 with 99% purity for dif-
ferent times of annealing at 800°C.
Shown as black squares is κ for the un-
treated compound. Blue circles rep-
resent seven days of annealing and
red triangles fourteen days. Inset: En-
larged part of themain plot around the
phononic peak.
the thermal conductivity of annealed samples of SrCuO2 is inves-
tigated. Second, crystals with very high purity are studied. Both
experiments are supposed to reduce the overall amount of defects.
For phonons, in accordance with section 2.3.2, this should lead to
a more pronounced peak. For spinons, also an enhancement can
be expected, because of the reduced defect scattering. However, as
discussed in section 2.5, the exact form of this enhancement is not
known.
5.3.1 Results and Discussion
At first, the sensitivity of the thermal conductivity against a further
improvement of the sample quality through annealing is investi-
gated. Therefore, SrCuO2 with 2Npurity is heat treated for one and
two weeks in pure oxygen atmosphere at 800°C. The resulting ther-
mal conductivity is shown in figure 5.3. This procedure leads to
an increase of κ at very low temperatures, where the phonon heat
conduction is the dominating transport channel. Thus it confirms
that annealing indeed leads to an improvement of sample perfec-
tion. However, no significant change of κ is observed above 80K
where the total thermal conductivity is dominated by κmag. This
shows quite clearly that the scattering of the heat carrying mag-
netic excitations off structural defects at high temperature is not
the most relevant scattering channel.
Next the increase of the overall sample purity is investigated.
Figure 5.4 presents the results for κa and κc of SrCuO2 for both
2N and 4N purity as a function of T . First the data for 2N purity
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Figure 5.4: κa and κc of SrCuO2 for
different purity values. Shown as red
circles are the results for compound
with 4N purity. The black squares in-
dicate 2N purity. Closed symbols rep-
resent c-axis and open symbols a-axis
data.
is described, which is in good agreement with earlier results by
Sologubenko et al. [111] A pronounced low-T peak at ≈18K with
κmax ≈ 215Wm−1K−1 is found for κa,2N, i.e., perpendicular to the
chains. This peak and a ∼ T−1-decrease at T & 150K towards a
small value at room temperature (≈ 6Wm−1K−1) represents the
characteristic T -dependence of a phonon-only heat conductivity
κph, as it is discussed in section 2.3. A similar low-T peak (at
≈ 20K) is also present in κc ,2N (parallel to the chains). It is how-
ever larger (κmax ≈ 335Wm−1K−1) and exhibits a distinct shoul-
der at the high-T edge (T & 40K) of the peak. κc ,2N decreases at
higher T , but remains much larger than κa,2N. At room tempera-
ture κc ,2N ≈ 40Wm−1K−1, which is more than a factor of six larger
than κa,2N. This large anisotropy, together with the unusual T -
dependence of κc ,2N, is the signature of a large magnetic fraction
of κc ,2N over a large T -range. [97, 111]
Turning now to the new data which have been obtained for the
high-purity compound. The heat transport perpendicular to the
chains (κa,4N) is slightly enhanced as compared to κa,2N (κmax ≈
235Wm−1K−1) which reflects a somewhat reduced phonon-defect
scattering. However, amuchmore drastic and unexpected large ef-
fect of the enhanced purity is observed in the heat transport paral-
lel to the chains, κc ,4N. Instead of a narrow low-T peak and a shoul-
der as observed in κc ,2N, a huge and broad peak centered at ∼28K
is present in κc ,4N (κmax ≈ 830Wm−1K−1) which exceeds κc ,2N at
T . 70K by more than a factor of 2. Also above 70K κc ,4N > κc ,2N
is observed, where interestingly both curves approach each other
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Figure 5.5: κmag of SrCuO2 for dif-
ferent purities. Open symbols repre-
sent low-T κmag which is disregarded
in the further analysis, because of the
very large error. The shaded areas
show the uncertainty of the estima-
tionofκmag due to the phononicback-
ground. The dashed lines mark the
maxima of κmag. Inset: κa and κb per-
pendicular to the chain for both puri-
ties.
and at T & 200K exhibit almost the same T -dependence.
Without further analysis some clear-cut conclusions can be
drawn. First, the extraordinary enhancement of κc upon the
improvement of the material’s purity in contrast to a concomi-
tantly negligibly small one in κa , straightforwardly implies that
the enhancement primarily concerns the magnetic heat conduc-
tivity κmag which is present in κc only. To relate this to the in-
crease of purity in a phononic conductor one may refer to sec-
tion 2.3 and especially figure 2.3. Second, the extreme low-T sensi-
tivity to impurities of κmag suggests that spinon-defect scattering
is the dominating process which relaxes the heat current in this
regime. Third, upon rising T , the spinon-defect scattering is in-
creasingly masked by a further scattering process which leads to
κc ,2N and κc ,4N being very similar at T & 200K. The most reason-
able candidate for this process is spinon-phonon scattering, since
the only thinkable alternative, i.e. spinon-spinon scattering, is neg-
ligible [107, 181, 217, 218] in this T -regime.
A further analysis of the data requires a reliable separation of
the total measured κ into all relevant contributions which nor-
mally add up. Since electronic contributions can be excluded in
this electrically insulatingmaterial, it seemsnatural to assume that
the measured κc is just the sum of κmag and a phononic back-
ground κph,c , [98–100, 111, 181, 219] where the latter can be ap-
proximated by the purely phononic heat conductivity perpendic-
ular to the chains, κa ≈ κb (see inset of figure 5.5). Of course, the
approximation κa ≈ κb ≈ κph,c is only a crude assumption, which
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Figure 5.6: Magnetic mean free paths
of SrCuO2 for different purities. The
solid lines were calculated according
to equation 2.47 with the parameters
given in table 5.1 and the same T∗u .
The shaded area illustrates the un-
certainty from the estimation of the
phononic background.
l0 in µm T
∗
u in K As in 10
−6/mK
4N 1.56±0.16 204±11 59±5
2N 0.32±0.01 - 72±5
2N individual 0.305±0.005 217±3 78±1
Table 5.1: Fit parameters for the mag-
netic mean free paths according to
equation 2.47. The errors account for
the accuracy of the fit. In the first two
rows, the same T∗u was used for both
purities. In the last row, the parame-
ters are shown for an individual fit to
the 2N data.
however is justified, as purely phononic anisotropies are small. A
typical example of a large phononic anisotropy, is the thermal con-
ductivity of quartz. In quartz κc/κperp = 11.3/6.5 ≈ 1.7 at room
temperature [80]. For SrCuO2 this ratio is with 50/8 ≈ 6.3 much
larger. The thus obtained κmag = κc −κa for the 2N and the 4N
samples are shown in figure 5.5. At T . 35K, i.e., in the vicinity of
the peak of κph,c , errors become large and the data in this range is
neglected for further analysis. For higher T a possible uncertainty
of κmag is around ±30%. This accounts, on one hand, for the indi-
vidual errors of κa and κc , as discussed in section 3.2. On the other
hand, it takes the anisotropy between κa and κb , and therefore a
possible anisotropic κph,c , into account. Note that, in the case of
the 4N compound, possible errors in κmag are rendered small be-
cause obviously κmag,4N≫ κa,4N.
κmag of the 4N sample exhibits a sharppeak at≈37Kwith an ex-
traordinarymaximum value of about 660Wm−1K−1, which is more
than a factor of 3 higher than the largest reported κmag. [99, 111]
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The peak is followed by a strong decrease upon raising T . Similar
to the afore described typical T -dependence of a clean phononic
heat conductor, the overall T -dependence of κmag suggests that,
in a simple picture, two competing effects determine κmag. The
low-T increase of κmag is consistent with a regime where the ef-
fect of scattering processes is weakly T -dependent since Dth is ex-
pected to increase linearly with T . [98, 107, 217, 218] The strong de-
crease at higher T is then the result of the increasing importance
of spinon-phonon scattering. κmag of the 2N sample is qualita-
tively very similar. However, the absolute value at the peak ismuch
lower (≈ 172W/mK) and the peak’s position is shifted to a higher
T (≈ 55K). Similarly to the κc data, at higher T , the 4N curve ap-
proaches that of the 2N sample. The latter is consistent with the
earlier notion that spinon-phonon scattering is dominant at high
T , while the differences at low T suggest that spinon-phonon scat-
tering freezes out, upon decreasing T , rendering spinon-defect
scattering increasingly important.
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Figure 5.7: Magnetic mean free paths
of SrCuO2 for 4N doping. The lines
are fits to the data. The blue solid
line models a general Umklapp pro-
cess, according to equation 2.47. The
dashed red line assumes scattering
on optical phonons, as described by
equation 2.49.
It is now possible, to analyze κmag quantitatively, by extract-
ing the spinon mean free path lmag according to equation 2.46. As
can be inferred from figure 5.6, the resulting lmag of both samples
shows a strong decrease with increasing T . This directly reflects
spinon-phonon scattering becoming increasingly important. Both
curves are very similar, but clear differences are present at low T ,
where lmag of the 2N sample is somewhat lower, in accordance
with a higher spinon-defect scattering. The T -dependence of lmag
can be modeled as the sum of T -independent spinon-defect scat-
tering l0 and T -dependent spinon-phonon scattering lsp. Assum-
ing a general Umklapp process for lsp according to equation 2.29,
leads to the representation of lmag by equation 2.47. As can be
seen in figure 5.6 an excellent agreement between such a fit and
the experimental lmag is found. Inspection of the fit parameters
shown in table 5.1 of this equation yields two remarkable aspects,
which corroborate the previous qualitative findings. First, the pa-
rameters As and T ∗u , which determine the spinon-phonon scatter-
ing, are practically the same for both samples. In fact, an equally
good fit is obtained if the same T ∗u is used for both curves.
2 Note
2It is also possible to obtain a good
fit with the same As for the 4N and 2N
cases. However, individual As account
for errors in the absolute value, while
fixing the energy scale by T∗u seems
physically more justified.
that the extracted T ∗u ≈ 200K is indeed of the order of the Debye
temperature ΘD of this material and thus leads to the conjecture
that acoustic phonons are involved in this scattering process. Sec-
ond, the spinon-defect scattering length l0, which represents a
lower bound for the low-T limit of lmag and which should signif-
icantly depend on the sample’s purity turns out to be drastically
different for both cases. To be specific, l0 ≈ 300nm for the 2N
compound and an extraordinary l0 ≈ 1.6µm for the 4N sample is
found. This corresponds to more than 750 and 4100 lattice spac-
ings, respectively. These findings provide a further confirmation
of the above interpretation that, in both cases, κmag is determined
by the same spinon-phonon scattering process and that the dif-
ference between the two curves can be described by the different
defect density only. These results are consistent with rece
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by T. Kawamata et al. [220].
It is also possible to model spinons scattering off optical
phonons with formula 2.49. The resulting fit, together with a fit
according to equation 2.47, is shown in figure 5.7. Both fits are
of similar quality and comparable l0. The different exponent T ∗o
in equation 2.49 in principle should be identifiable with the exci-
tation energy for an optical phonon. Interestingly, the extracted
T ∗o ≈ 300K is of the order ofmagnitude of optical phonons as deter-
mined by references [221, 222]. Since lsp can be described equally
well by scattering off optical and acoustic phonons, a result about
the possible dominant contribution cannot be derived from trans-
port measurements.
A major outcome of this study is the unambiguous identifica-
tion of the extrinsic scattering processes as the only relevant ones.
Intrinsic spinon-spinon scattering, on the other hand, plays no
role in this analysis, even in the case of the very clean sample.
The strong enhancement of κmag upon reduction of the impurity
amount thus appears as the manifestation of ballistic heat trans-
port of the underlying spin model, where κmag is rendered finite
by extrinsic scattering processes only. One might therefore specu-
late that κmag of this material can be driven to much higher values
in a perfect crystal.
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Figure 5.8: The solid black line shows
a fit by κmag,fit1 ∼ exp(T∗u /T ) to the
experimentally determined κmag of
SrCuO2 with 4N purity (red circles).
Another fit according to κmag,fit2 ∼
1/T 2 is shown by a dashed blue line
and almost completely reproduces
κmag,fit1.
It should be pointed out, that the analysis relies on a very
simple theoretical approach, which was also successfully used in
many other low-dimensional S = 1/2 spin systems [98–101, 111–
113, 181, 219, 223]. The good agreement to experimental results
is surprising in view of the strong quantum nature of such sys-
tems. More sophisticated approaches might lead to a deeper un-
derstanding of the magnetic heat transport in this system on a
microscopic level. In this regard it is interesting to note that, in
clean samples (i.e. with large l0), lsp = (AsT )−1 exp(T ∗u /T ) leads
to κc ≈ κmag ∼ exp(T ∗u /T ) with T ∗u ≈ 200K at high T , in agree-
ment with the theory proposed by Shimshoni et al. [136]. A fit
by this proportionality to the data is shown in figure 5.8. How-
ever, κa = κph ∼ exp(2T ∗u /T ) as expected in the same model is
not observed. It seems worthwhile mentioning in this regard, that
the slight enhancement of κa , observed upon increasing purity, is
quite unexpected. One might speculate that this is an indication
of phonon scattering off the spin chains, which in principle should
be relevant [131, 132].
As was the case for SrCuO2 with 2N purity (c.f. section 2.5.4),
it is not possible to fit κmag for 4N purity by equation 2.56. How-
ever, it should be noted, that for a large temperature range the
experimental results can also be described with a fit according to
κmag,fit2 ∼ 1/T 2. This is shown in figure 5.8. While this may be a
pure coincidence, it could become interesting, when considering
the spinon-phonon drag scenario from section 2.5.4. If the main
temperature dependence of κmag of SrCuO2, depends on the drag,
as proposed in reference [127], than this proportionality might de-
termine the drag in the vicinity of θD , which is not accessible by
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B in 10−31K−1s2 A in 10−43 s3 L in 10−4m b
2N 2.25 4.50 7.50 3.60
4N 3.45 1.53 2.33 3.49
Table 5.2: Fit parameters of the Call-
away fit (cf. section 2.3.3) to κc of
Sr2CuO3 shown in the left panel of fig-
ure 5.9 with α= 3 and β= 1.
theory yet. Regarding the occurrence of spinon-phonon drag, it
has to be noted, that the requirement is, that the spinon relaxation
time is smaller than the phononic one. By the increase of the pu-
rity the spinon relaxation time is drastically increased, while the
equivalent phononic time appears to be unchanged. Therefore
the requirement for drag might no longer hold, although it can be
argued that the phononic relaxation time is still sufficient, since
quantitative values are not known.
Additionally, it is interesting to note, that this 1/T 2 law is also
found for the heat transport of electrons coupled to phonons. On a
very speculative basis, onemight come upwith a similar argument
as in section 2.4. Similar to the thermal conductivity of electrons
for T ≪ θD , the Drude weight for T ≪ J for spinons is supposed
to increase ∼ T over the whole measured temperature range. By
a handwaving argument in metals it is usually assumed, that the
scattering rate can be written as τph ∼ 1/T 3. Hence with equa-
tion 2.36 an overall behavior of κmag ∼ T−2 can be obtained. How-
ever, for SrCuO2 this argument is barely applicable, because the
phononic T 3 law is only valid up to 40K.
5.3.2 Summary
To sum up, the spinon heat conductivity κmag of the antiferromag-
netic S = 1/2 Heisenberg chain cuprate SrCuO2 was investigated
for standard 2N and high 4N purity. The higher purity leads to a
drastic enhancement of κmag at low-T and the up-to-present by
far highest reported κmag in the high-purity sample is found. For
higher T , clear-cut evidence that spinon-phonon scattering is the
most relevant scattering which leads to a very efficient reduction
of κmag is provided. An extreme sensitivity of κmag to impurities is
present at low T , which implies that the spinon-defect scattering is
dominating in this regime. A simple analysis reveals a remarkable
lower bound for the low-temperature limit of the spinonmean free
path lmag ofmore than amicrometer. The results therefore suggest
thatκmag is only limited by extrinsic scattering processes which ap-
pears as the manifestation of the ballistic nature of heat transport
in the S = 1/2 antiferromagnetic Heisenberg chain.
5.4 Ballistic heat transport in Sr2CuO3
Because of the large effect of increased crystal purity on the ther-
mal conductivity of SrCuO2, the same experiment was repeated
for the single chain compound Sr2CuO3. As discussed in sec-
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Figure 5.9: Thermal conductivity of
Sr2CuO3 parallel to the spin chains
along κb for various purities. The
brown dashed lines represent results
from Sologubenko et. al. with 2N pu-
rity, reproduced from reference [96].
The green dash-dotted line has been
measured by Kawamata et. al. for 3N
purity and is reproduced from refer-
ence [112]. Inset: Thermal conduc-
tivity of Sr2CuO3 perpendicular to the
spin chains alongκc for 2N (also repro-
duced from reference [96]) and 4N pu-
rity. The solid lines are fits to the Call-
away model.
tion 5.1, the two compounds are very similar. Any effect observed
in SrCuO2 is therefore also expected in Sr2CuO3. Only a sample
with 4N was measured, since data for 3N and 2N purity can be
found in literature [111, 112].
5.4.1 Results and Discussion
The results from the measurements of the thermal conductivity of
undoped Sr2CuO3 are given in figure 5.9. Looking at the data of
the thermal conductivity parallel to the chain (κb) first,
3 gives a sit-
3The unit cell is defined in a differ-
ent way for this crystal. Therefore for
this compound, unlike in SrCuO2, the
crystallographic b direction is parallel
to the chain.
uation similar to SrCuO2. From low to intermediate temperatures
[7K−150K], the thermal conductivity, consisting both ofmagnetic
and phononic contributions, is enhanced upon an increase of the
sample purity. At higher temperatures no increase can be detected.
The absolute value of the peak is lower than for the double chain
compound, whichmay be caused by several reasons. First, crystals
of Sr2CuO3 are much harder to grow and to work with, as they are
very brittle and decay, if exposed to air for a few hours. Second, the
double chain is, due to layout of theCuO2 plaquettes, amuchmore
stable structure and thus more resistant against unavoidable crys-
tal defects (see also chapter 5.8). Third, the number of spin chains
per unit area is larger for SrCuO2 (ns1 = 6.9 ·1018) than for Sr2CuO3
(ns2 = 4.5 ·1018), which may result in a larger magnetic heat trans-
port. However, the magnetic mean free path lmag does not contain
this geometrical factor and therefore should be comparable. This
comparison can be found in section 5.5.
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Figure 5.10: Estimated magnetic ther-
mal conductivity of Sr2CuO3 for 2N
(brown dashed line), 3N (green dash-
dotted line) and 4N (red circles) pu-
rity. The shaded area illustrates the
uncertainty from the estimation of
the phononic background. The solid
black line is a fit for T > 80K with
κmag,fit ∼ 1/T 2.
The results of the measurements perpendicular to the spin
chain along κc can be found in the inset of figure 5.9. For the
crystal with 2N purity, κc as expected follows a phononic conduc-
tivity. The position of the maximum is at T = 22K and thus at a
slightly higher temperature when compared to the double chain
compound SrCuO2. Upon an increase of the purity, the peak at low
temperatures is enhanced. This is the expected behavior since the
smaller amount of impurities in the phononic system should lead
to less scattering and thus a higher κc . This increase is not found in
SrCuO2. For SrCuO2 it was argued that the absence of the increase
hints at an additional interaction, possibly with spinons. This addi-
tional interaction (see also section 5.7) seems not to be present in
Sr2CuO3. A Callaway-Fit (cf. section 2.3.3) to the data yields perfect
agreement, quantitatively showing the purely phononic nature of
κc . The fit parameters are given in table 5.2. The largest changes
when comparing the two purities are for parameter A, which de-
scribes the concentration of point defects, and for parameter L,
which describes the boundary scattering.
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Figure 5.11: The solid green line
shows the attempt of fits by equa-
tion 2.56 to the experimentally deter-
mined κmag of Sr2CuO3 (black circles).
Figure 5.10 shows the magnetic thermal conductivity of
Sr2CuO3. It has been derived by the subtraction of κc as an es-
timate for the phononic background from κb . For low tempera-
turesκmag is greatly enhanced due to the increased purity. For high
temperatures this enhancement is suppressed as was the case for
SrCuO2. It is worthwhile to note, that κmag for 4N purity now expe-
riences a pronounced peak compared to the hump kind shape for
2N purity. The position of the maximum at around T ≈ 50K is sig-
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Figure 5.12: Derived mean free paths
of the spinon excitations in Sr2CuO3
for 2N (brown dashed line), 3N (green
dash-dotted line) and 4N (red circles)
purity. The shaded area illustrates the
uncertainty from the estimation of the
phononic background.
nificantly higher than compared to the double chain compound
SrCuO2.
As was the case for SrCuO2 it is not possible to fit κmag for 4N
purity by equation 2.56. This is illustrated in figure 5.11. However,
above 50K, the decrease of κmag can be described by a T
−2-law
or and exponential κmag ∼ exp(T ∗u /T ) behavior. The T−2-law is
shown by the dashed line in figure 5.10. For the discussion of these
dependencies one may refer to section 5.3, since the same argu-
ments given there are valid for Sr2CuO3.
Calculating the mean free path lmag from κmag according to
equation 2.46 gives the results shown in figure 5.12. An increase
of the purity leads to a reduction of spinon-defect scattering at low
temperatures and therefore a considerable increase of lmag. For
4N purity an l0 ≈ 0.4 µm is found. This is by a factor of four smaller
than the related l0 of SrCuO2. At higher temperatures spin-phonon
scattering is not changed and still a strong scattering mechanism
to reduce lmag. Therefore no increase of the mean free path above
150K is observed.
5.4.2 Summary
As was the case for SrCuO2, the increase of the purity in Sr2CuO3
leads to a drastic enhancement of κmag at low-T . This extreme sen-
sitivity to impurities implies, that spinon-defect scattering is the
most relevant process in this regime. At higher temperatures κmag
is reduced very efficiently. This is discussed as direct evidence of
strong spinon-phonon scattering as the dominant process. The
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Figure 5.13: Magnetic mean free
paths of SrCuO2 and Sr2CuO3 for 4N
purity. The solid lines were calcu-
lated according to equation 2.47. The
shaded area illustrates the uncertainty
from the estimation of the phononic
background.
low-temperature limit of the spinon mean free path lmag is smaller
than in SrCuO2. Still, the result suggests thatκmag is only limited by
extrinsic scattering processes. This may be taken as the manifesta-
tion of the ballistic nature of heat transport in Sr2CuO3, identical
to the interpretation of SrCuO2.
In contrast to SrCuO2, the peak of the phononic thermal con-
ductivity perpendicular to the spin chain is strongly enhanced
upon doping. The enhancement is the expected behavior for a
crystal of higher purity. Therefore, this indicates, that an addi-
tional mechanism, which limits the phononic thermal conductiv-
ity, is only present in SrCuO2 . This observationbecomes important
in section 5.8.
5.5 Comparison of SrCuO2 and Sr2CuO3
lmag does not contain any information about the size of the unit
cell or the number of spin chains per unit area, therefore it allows
to study the intrinsic properties of the spin chain. Since the chains
in SrCuO2 and Sr2CuO3 are composed of the same copper-oxygen
plaquettes, the mean free paths are expected to be similar. Shown
in figure 5.13 are the magnetic mean free paths for SrCuO2 and
Sr2CuO3 for 4N purity. The result is remarkable, because themean
free paths for both compounds for temperatures T > 150K are vir-
tually identical. The relative difference is less than 5%. This result
proves, that the determination of κmag and hence lmag is pretty ro-
bust with regard to the estimation and subtraction of the phononic
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background.
At low temperatures both mean free paths are extraordinary
large. Thus the data provide striking evidence, that the intrinsic
heat transport of the S = 1/2 Heisenberg chain is indeed ballistic.
This renders these one-dimensional quantum magnets intriguing
candidates for spin transport and quantum information process-
ing [224–226]. The mean free path of SrCuO2 is much larger than
that of Sr2CuO3. This has already been mentioned in section 5.4
and is very likely due to fact, that the double chain is a more stable
structure.
In the following, various subtle modifications of the spin chain
by the doping of different impurities are studied. Due to the large
mean free path and the robust determination of lmag, one really
expects to get a pristine picture of the intrinsic incidents of the spin
chain. The experiments in the following are performed on SrCuO2,
since it has the largermean free path. Hence also the largest effects
upon doping are expected in this compound.
In further studies, it may also be interesting to look at the ther-
mal transport of Ca2CuO3. This is also a S = 1/2 antiferromagnetic
spin chain with a slightly smaller J/kB ≈ 1500K and can be grown
in single crystal form [227, 228].
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5.6 Bond disorder in SrCuO2
In section 5.3 the magnetic thermal conductivity κmag of high pu-
rity SrCuO2 was discussed. In this section, a slight modification to
the system is performed by the application of a chemical pressure.
This locally changes the environment of the spin chain.
In particular, the method applied to realize such a modifica-
tion, is the systematic substitution of Sr by Ca. Ca2+ is isovalent to
Sr2+ and possesses a smaller ionic radius andmass. So, on the one
hand, the Ca2+ ion will act as a scatterer for the phonons. There-
fore, an effective suppression of the phonon thermal conductivity
is expected to occur. On the other hand, due to the isovalency
of both ions, no substantial change of the electronic, and respec-
tively of themagnetic properties of the system are expected to take
place. However, considering the local lattice distortion induced
by the the Ca dopand, it seems reasonable, that a modulation of
the Cu-Cu bond lengths takes place in the vicinities of the dopand
ion. This may lead to the modulation of the exchange constant J
with the consequence of an additional scattering channel for the
spinons in the system.
5.6.1 Results
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Figure 5.14: Callaway-Fits (black
lines) to the thermal conductivity
κa of SrCuO2 doped with various
concentrations of Ca. The details of
the fit are described in the text.
The thermal conductivity for four Ca doping levels of
Sr1−xCaxCuO2 with x = 0.0125, 0.025, 0.05, 0.1 were measured.
Figure 5.15 shows the evolution of κa and κb perpendicular to
the chains with increasing Ca content. All curves perpendicular
to the chain show a typical phononic behavior. By increasing the
doping level, only the low-T phonon peak gets gradually sup-
pressed. At intermediate and higher T the suppression is much
less accentuated. A Callaway-fit to the data is shown as black lines
in figure 5.14. The relevant parameters can be found in table 5.3.
Two free parameters are necessary, to describe the series of Ca
doping. The other parameters are fixed by a fit to the undoped
compound. Changed are the concentration of point defects A and
the coefficient B , which is related to the Umklapp processes. It
is interesting to note, that it is not possible to describe the whole
doping series by a change in the concentration of point defects
alone. The necessity to adapt the parameter for phonon-phonon
scattering, mainly for 10% doping, might indicate that this level
of doping may no longer be considered as small perturbation and
hint at changes in the phonon spectrum.
The evolution of the thermal conductivity κc along the chains
upon Ca doping is shown in figure 5.16. It is characterized by a
drastic and systematic suppression of the low-T peak with increas-
ing doping level andby anunchanged thermal conductivity at high
temperatures T&200 K of roughly 40Wm−1K−1. The position of
the maximum located at T ≈ 20K in the case of the undoped com-
pound is unchanged for higher doping. At intermediate tempera-
tures above 50K the thermal conductivity is strongly reduced com-
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Figure 5.15: Thermal conductivity
of Sr1−xCaxCuO2 for different dop-
ing levels of Ca perpendicular to the
spin chain. Closed symbols are used
for κa and open symbols for κb .
Inset: Thermal conductivities along
κa and κc for Sr0.9Ca0.1CuO2. Al-
though the thermal conductivity along
κc is strongly suppressed compared
to the undoped compound, still a
pronounced anisotropy between both
crystallographic directions is found.
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Figure 5.16: Thermal conductivity of
Sr1−xCaxCuO2 for different doping
levels of Ca, parallel to the spin chain
along κc . Inset: Thermal conductivi-
ties of Sr0.9875Ca0.0125CuO2 parallel to
the chains (κc ) for 4N and 2N purities.
Since the influence is negligible for the
lowest doping, all higher Ca doping
levels were done with 2N purity.
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Figure 5.17: Magnetic thermal con-
ductivity κmag for the different dop-
ing levels. The shaded areas show the
uncertainty of the estimation of κmag
due to the phononic background. In-
set: An enlarged portion of the main
plot shows the different doping levels
in more detail. The dotted line in-
dicates the shift of the maximum to
higher temperatures for higher doping
levels. For 10% Ca doping an extrap-
olation is shown without a spin gap
(gray line) and with a spin gap of 50K
(yellow line). The shaded areas illus-
trate the uncertainty.
pared to the undoped compound. The change in slopes found for
the smallest Ca doping with 1.25% at T ≈ 50K immediately makes
it evident that spinon transport no longer dominates. At very high
Ca concentrations, for x = 0.1, κc becomes practically temperature
independent for T&50K.
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Figure 5.18: 63Cu spin lattice relax-
ation rate T1 of Sr0.9Ca0.1CuO2 for all
three crystal axes parallel to the ap-
plied magnetic field. Results by [229].
Although for 10% Ca doping κc appears to be strongly sup-
pressed, there is still a sizeable anisotropy to the thermal conduc-
tivity along κa . This is illustrated in the inset of figure 5.15. Speak-
ing in absolute values, the thermal conductivities above 150K for
10% Ca doping are κa ≈ 5Wm−1K−1 and κc ≈ 40Wm−1K−1. This
anisotropy with a factor of ≈ 8 is still quite predominant.
As a sidenote it should be mentioned, that the results for 2.5%,
5% and 10% Ca doping were obtained for crystals of 2N purity.
However, as shown in the inset of figure 5.16, the influence of in-
creased purity is already negligibly at 1.25% Ca doping. It is also
noteworthy to mention in this regard, that a chemical analysis of
the starting powders showed, that the main source of impurity of
the 2N powders are actually Ca atoms. Therefore, this detail of the
doping series is not further discussed.
5.6.2 Discussion
In order to carry out an analysis of the magnetic part κmag of the
thermal conductivity along the chains, the phononic background
has to be subtracted. For this analysis the estimation κc ,ph ≈ κa ≈
κb is employed, again . Considering the small differences between
κa and κb of < 15% as shown in figure 5.15 compared to the large
5.6. Bond disorder in SrCuO2 73
B in 10−31K−1s2 A in 10−43 s3 L in 10−4m b
0% 4.48 1.39 7.93 2.78
1.25% Ca 5.78 2.10 - -
2.5% Ca 5.77 2.99 - -
5.0% Ca 6.65 5.00 - -
10.0% Ca 11.6 16.7 - -
Table 5.3: Fit parameters of the Call-
away fit (cf. section 2.3.3) to κa
of SrCuO2 doped with Ca impurities.
Parameters for the crystal symmetry
were α= 3 and β= 1.
anisotropy to κc shown in figure 5.16, this method is justified. On
this basis κmag is derived as κmag =κc−κa . The doping dependent
evolution of the magnetic thermal conductivity κmag is shown in
figure 5.17, together with an error estimated due to the approxi-
mation of κc ,ph. Below a certain temperature, it is no longer pos-
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Figure 5.19: Thermal conductivity for
75K (red circles), 150K (blue triangles)
and 300K (black squares) as a function
of doping x. Shown in the top panel
are the thermal conductivities κc par-
allel to the spin chain. At 75K the de-
pendence on doping can be described
with 1/x + κ0. For 300K no doping
dependence is visible and the thermal
conductivity has saturated at κ0. In
the bottom panel the thermal conduc-
tivities κa perpendicular to the spin
chain are shown. The dependence of
κa with doping is a linear decrease for
all temperatures.
sible to extract a meaningful κmag, as spinon and phonon contri-
butions become of the same order of magnitude. For too large er-
rors & 15% the extracted data points of κmag were neglected and
are not shown in figure 5.17. For higher Ca doping the interval,
that has to be excluded, extends towards higher temperatures, as
the anisotropy between κc and κa decreases. At low temperatures
κmag of the undoped compound shows a maximum at 36K, which
is followed by a steep decrease of the magnetic thermal conduc-
tivity to room temperature, where it becomes nearly constant. A
small Ca2+ doping of 1.25% leads to a huge suppression of κmag at
low temperatures with a shift of the maximum to 69K. Up to room
temperature the curve approaches that of the undoped compound.
Further increasing the doping, continues to decrease themagnetic
thermal conductivity at low temperatures. Additionally, the maxi-
mum is shifted to even higher temperatures as well as broadened
and gradually suppressed. For temperatures T & 200K the curves
for κmag remains at a value around 38 Wm−1K−1.
Shown in figure 5.18 is the 63Cu spin lattice relaxation rate
determined by measurements of the nuclear magnetic reso-
nance [229]. At high temperatures, for T > 90K, 1/T1 is tempera-
ture independent. This is the expected behavior of S = 1/2 Heisen-
berg spin chains. However, for T < 90K, 1/T1 suddenly decreases
exponentially by more than one order of magnitude. Such an ex-
ponential decrease is typical for the opening of a gap ∆ in the
spin excitation spectrum. A fit to the data estimates this gap to
∆≈ 50K [230]. To investigate the impact of this gap to the thermal
transport, two fits to κmag of Sr0.9Ca0.1CuO2 are shown in the inset
of figure 5.17. The first is an estimation of the magnetic thermal
conductivity for Sr0.9Ca0.1CuO2 according to equation 2.44 with-
out a gap. The gap determined by the nuclear magnetic resonance
measurements can be introduced to the estimate, by changing the
lower integration limit of equation 2.44. The resulting κmag is the
second fit, that is shown in the inset of figure 5.17. The overall dif-
ference of the resulting estimates is very small and only visible for
temperatures below 50K. In this temperature region the extraction
of a reliable κmag is not possible, anyway. Therefore this gap is ne-
glected in the further discussion of the transport behavior.
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Figure 5.20: Magnetic mean free
paths of Sr1−xCaxCuO2 for different
levels of doping extracted by equa-
tion 2.46. The solid lines are fits to the
data. The fits were calculated by mod-
eling a general Umklapp process ac-
cording to equation 2.47. The shaded
areas illustrate the uncertainty from
the estimation of the phononic back-
ground.
The evolution of κmag by increasing Ca content indicates a
strong doping dependence of the magnetic transport mechanism
in the temperature region T . 200K, which however is completely
absent at higher temperatures. This doping dependence is illus-
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Figure 5.21: Magnetic mean free
paths of Sr1−xCaxCuO2 for 0% Ca
and 10%Ca doping, extracted by equa-
tion 2.46. The lines are fits to the data.
The blue solid line models a general
Umklapp process, according to equa-
tion 2.47. Thedashed red line assumes
scattering on optical phonons, as de-
scribed by equation 2.49.
trated in figure 5.19. κc and κa are plotted as a function of dop-
ing for three temperatures, 75K, 150K and 300K. For κc at 75K,
the change upon doping is very strong. It follows a 1/x +κ0 law,
with x as the level of doping and κ0 ≈ 40Wm−1K−1. At 150K still a
parabolic shape is observed, but with a much smaller slope. How-
ever, at 300K no doping dependence of κc can be observed. The
thermal conductivity has saturated at κ0. This is in stark contrast
to the doping dependence for κa . There, as a function of dop-
ing, the thermal conductivity decreases linearly for all temperature
cuts. This linear decrease for κa makes the observation of the satu-
ration of κc for 300K even more striking. It indicates, that for high
temperatures, a part of the thermal conductivity seems to be resis-
tant against doping. This part is obviously the magnetic thermal
conductivity. A plot of κmag as a function of doping yields similar
results and is shown in figure 5.24. The notion, that κmag consists
of two contributions, a doping independent part∼ κ0 and adoping
dependent part, due to spinon-phonon drag, is further explored in
section 5.6.3.
Shown in figure 5.20 are the extracted spinon mean free paths
lmag. They were derived with equation 2.46 as discussed in sec-
tion 5.3. Since the uncertainty of the estimation of κmag increases
towards low temperatures, κmag could only be extracted down to
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Ca content l0 in 10−10m T ∗u in K As in 10
−6/mK
0% 15596 204 58.7
1.25% 1519 - 65.5
2.5% 824 - 66.3
5% 433 - 54.8
10% 311 - 50.3
Table 5.4: Fit parameters for themean
free paths according to equation 2.47.
Ca content l0 in 10−10m T ∗o in K As in 10
−16m/K
0% 14478 288 573
1.25% 1572 - 494
2.5% 867 - 481
5% 453 - 571
10% 327 - 613
Table 5.5: Fit parameters for themean
free paths according to equation 2.49.
a certain temperature. lmag is also limited by this extraction. Ap-
plying, as in section 5.3, Matthiessen’s rule, lmag is divided into
its two contributions l−1mag = l−10 + l−1sp . Again, lsp can be modeled
by a general Umklapp process with equation 2.47 or by scatter-
ing on optical phonons, as described by equation 2.49. For the
fits in figure 5.20 a general Umklapp process was used. The cor-
responding exponent T ∗u was determined for the pure compound,
then kept constant. The fit parameters can be found in table 5.4.
Also fits with scattering on optical phonons according to equa-
tion 2.49 were done. This leads to almost identical l0, but a dif-
ferent T ∗o ≈ 288K. All parameters can be found in table 5.5. In
order to illustrate the similarity between the results of fits by both
equations, figure 5.21 shows fits to the mean free paths of SrCuO2
and Sr0.9Ca0.1CuO2 by both models. A remarkable result is, that
for both models As is nearly constant for all doping levels with a
root mean square deviation of around 10% of the arithmetic mean
value. The different Ca doping levels are thus characterized by
only two parameters. The first is the doping dependent, but tem-
perature independent parameter l0, that describes the spin-defect
scattering. The second the doping independent, but temperature
dependent parameter lsp that describes the spinon-phonon scat-
tering mechanism.
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Figure 5.22: Dependence of the defect
dependent part of the mean free path
l0 as a function of doping.
Shown in figure 5.22 is l0 as a function of the mean Ca-Ca dis-
tance dCaCa. The behavior is linear and a scattering probability of
dCaCa/l0 ≈ 0.2 can be derived. This mean that the Ca atoms are
not total scatterers, but partially transparent. On closer inspection
it may be noted, that the curve does not pass through the origin.
This is obviously due to the saturation of the thermal conductiv-
ity and thus the mean free path at high temperatures. As lmag has
to increase towards lower temperatures, this saturation is reflected
in a non-vanishing l0. As the Ca impurities are not located in the
spin-chain, a non-vanishing l0 is allowed, but still quite surprising.
Therefore it is questionable if Matthiessen’s rule is valid for large
Ca doping.
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Figure 5.23: Estimation of the mag-
netic thermal conductivity and the
spinon-phonon drag for the undoped
SrCuO2 as in the scenario proposed
in references [127, 135]. The solid
line is a fit according to κdrag ∼ 1/T 2.
For the dashed line the fit is done as
κdrag ∼ 1/T . Inset: The inset shows fits
with κdrag ∼ 1/T 2 to the estimated es-
timated drag contributions upon dop-
ing. The same symbols as in fig-
ure 5.17 are used.
5.6.3 Possible explanations of the suppression of κmag
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Figure 5.24: Magnetic thermal con-
ductivity for 75K (red circles) as a
function of doping x. Two fits are
shown. The solid red line is a fit
with 1/x +κ0. The dashed black line
is a fit with κ1/x
2 + κ0, which is ex-
pected for the doping dependence of
the spinon-phonon drag according to
equation 2.60.
On a first look it is quite surprising, that changes outside of the
spin-chain affect its transport properties. The first scenario, that
was proposed as an explanation [127], was for the model of mag-
netic heat transport by Chernyshev and Rozhkov [131, 132] dis-
cussed in section 2.5.4. For this model, the temperature depen-
dencies of κmag are given by equation 2.56. With this equation, a
fit to κmag of Sr2CuO3, SrCuO2 as well as Sr1−xCaxCuO2 is possi-
ble. However, only the fits to the compounds with large Ca doping
lead to a reasonable θD . Within this theory, the phonon system is
treated as thermal bath that dissipates the energy of the spin exci-
tations by impurity or Umklapp scattering. This requires the pho-
non system to be sufficiently equilibrated. Therefore the phonon
relaxation time τp has to be much smaller than the corresponding
spinon scattering τmag. Due to the large amount of Umklapp scat-
tering at high temperatures, this theory is expected to workwell for
temperaturesT > θD/4. Ca doping increases impurity scattering at
low temperatures. Since impurities provide an effective momen-
tum dissipation mechanism for phonons, the criterion τp ≪ τmag
may also hold in this regime, now. Therefore, in order to explain
the magnetic thermal conductivity of the pure compounds, an ex-
tension of the theory was proposed. In addition to pure phonon
κph and spinon heat transportκmag, a third collective mechanism,
involving phonons as well as spinons, should enhance the trans-
port in the pure compounds. The features of this so-called spinon-
phonon drag have been presented in section 2.5.4. A possible de-
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Figure 5.25: Spin-spin correlations as
a function of distance z. The param-
eter D represents the strength of the
modulation of the exchange coupling.
composition of the undoped κc in the intrinsic magnetic thermal
conductivity of the chain κint and the proposed drag contribution
κdrag is shown in figure 5.23. It is proposed that κint = κmag,10%Ca.
Then κdrag for the undoped compound is derived by subtracting
J'J J
Figure 5.26: Exaggerated distortion of
the lattice due to the chemical pres-
sure of a Ca2+ ion that may lead to an
incommensurate modulation of J . Sr
andCa are not found in the same layer
as the CuO2-plaquettes and therefore
not shown.
0% Ca angle 175.5°
10% Ca 174.9°
0% Ca dist 3.910 Å
10% Ca 3.896 Å
Table 5.6: Change of the Cu-O-Cu
bond angle, and bond distance upon
Ca doping. The changes were ob-
tained by doing structure refinements
in a single crystal diffractometer.
κint from its overall magnetic thermal conductivity. Since the tem-
perature dependence of the spinon-phonon drag is not known
is the region the measurements have been performed several fits
are attempted. A fit according to κdrag ∼ 1/T , which is the ex-
pected drag contribution at very high temperatures, is not promis-
ing. However, the drag contribution can be described by either
κdrag ∼ 1/T 2 or by κdrag ∼ exp(T ∗/T ). The latter proportionality
is not surprising, since it is also expected for the overall temper-
ature dependence κmag of a chain, without considering spinon-
phonon drag [136]. Both proportionalities also work reasonably
well as fit to the estimated drag contribution for higher levels of Ca
doping. This is shown for κdrag ∼ 1/T 2 in the inset of figure 5.23.
Equations 2.60 and 2.59 for drag and the phonon subsystem re-
spectively gave an estimate for the change of themagnetic thermal
conductivity as a function of impurity doping. The result of fits
with the two equations to the data are shown in figure 5.24. Since
fits with both equations are possible, a decisive statement cannot
be derived.
The second scenario is based upon the possibility, that the re-
duced size of the Ca2+ ion in comparison with Sr2+, might induce
a local distortion of the crystal structure. This in turn causes a
modulation of the coupling constant J . Such a situation is shown
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schematically in figure 5.26. This so-called bond disorder is then re-
sponsible for an increased scattering of the spinons. To check this
notion, a structural refinement was done for samples of SrCuO2
and Sr0.9Ca0.1CuO2 in a single crystal diffractometer [231]. The
results are shown in table 5.6. The change of the Cu-O-Cu bond
angle and bond distance is roughly 0.5%, comparing 10% doping
and the pure compound. The measurements in the single crystal
diffractometer are averages over the complete crystal.
In order to get an estimate for the local deformation of the
lattice, simulations of a doped unit cell were performed. Using
the density-functional theory code Quantum Espresso, a unit cell
doped with 10% Ca was relaxed with minimal symmetry assump-
tions [232]. This leads to the following modulation of Cu-O-Cu
bond lengths: 3.916Å, 3.939Å, 3.936Å, 3.909Å and again 3.916Å.
The mean bond length in the simulation is 3.923Å and the stan-
dard deviation 0.012Å. The standard deviation of the modulation
is approximately the same, as the change in Cu-O-Cu distances,
measured with the single crystal diffractometer. This shows that
both results are consistent. Although these changes seem to be
small, they are of the same order of magnitude as the modula-
tion amplitude of TiOX in the incommensurate regime (cf. refer-
ences [164, 185]). In this compound, as discussed in chapter 4, the
modulation had a strong effect on the thermal transport, serving
as efficient scattering channel. In a next step, it is therefore fea-
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Figure 5.27: Shown in the top panel is
l0 as a function of doping x. The fit
is done with a1/x + llim, with param-
eters a1 ≈ 17, llim ≈ 113Å. Shown in
the lower figure is ξ as a functionof the
modulation of the exchange energy D.
The fit is done with a2/D+ξ0 , with pa-
rameters a2 ≈ 16,ξ0 ≈ 26.
sible, to study the influence of such a bond modulation. In fig-
ure 5.25, the spin-spin correlation is shown as a function of dis-
tance z [233]. As parameter, the amplitude of the modulation of
the exchange coupling D is varied. For D = 0, which means con-
stant J , the curve follows a 1/z law. This is expected for the spin-
spin correlation in the quasi-ballistic case. In the lower part of the
figure it is shown, that for D > 0 the high temperature part can be
fitted just by exp(−z/ξ), with free parameter ξ. Since the commu-
tator 2.34 is no longer zero for D > 0, a quasi-ballistic spin-spin
correlation is no longer expected. The argument of the fitted ex-
ponential may therefore fix the crossover, with z < ξ being ballistic
and z > ξ diffusive.
Interestingly, plotting ξ as a function of the exchange interac-
tion (cf. figure 5.27) leads to a hyperbolic dependence. Likewise,
the suppression of κmag at 75K, as well as l0, as a function of Ca
doping x, follow a 1/x law. This correspondence is very encourag-
ing for further studies. There,D should be tuned to the experimen-
tal parameters in order to compare the slopes of the power laws.
However, it has to be noted that up to now it is not clear, how D
relates to the doping x and if it is possible to assume D ∼ x. In-
terestingly, ξ saturates for large D at ξ0, as κmag saturates for large
doping levels. If equation 2.35 is considered, it may be possible to
relate the width of the broadened delta function τwith ξ. Then the
remaining ξ0 could be connected to the regular part of the thermal
conductivity κ˜.
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B in 10−31K−1s2 A in 10−43 s3 L in 10−4m b
0% 4.48 1.39 7.93 2.78
0.25% Ni 5.24 0.26 3.93 2.34
0.5% Ni 4.78 0.33 3.53 2.49
1.0% Ni 3.90 0.83 7.53 2.74
Table 5.7: Fit parameters of the Call-
away fit (cf. section 2.3.3) to κa
of SrCuO2 doped with Ni impurities.
Parameters for the crystal symmetry
were α= 3 and β= 1.
5.6.4 Summary
By doping SrCuO2 with Ca the magnetic and the phononic part of
the thermal conductivity are reduced. Since the impurities are out-
side of the spin chain, the influence on κmag is surprising. Ca ions
aremuch smaller than the Sr ions they substitute. Therefore, Ca in-
duces a chemical pressure on the spin chain. This leads to a defor-
mation of the chain in the vicinity of a Ca impurity, that modulates
the exchange couplings in the chain. As a likely explanation for the
suppression of the magnetic heat transport, it was proposed, that
κmag is very sensitive to these small modulations of the exchange
coupling.
5.7 SrCuO2 doped with magnetic S = 1 impurities
In section 5.6 a subtle modification of the spin chain was achieved
by an applied chemical pressure. A much less subtle modification
is achieved, if some of the building blocks of the chain are changed.
In this section such a modification is done by the introduction
of some atoms with higher spin state to the chain. In particular,
SrCuO2 is doped with nickel. This results in S = 1 impurities in the
S = 1/2 spin chain.
5.7.1 Results
The inset of figure 5.29 shows the susceptibility χ of SrCuO2 doped
with various concentrations of Ni. The undoped compound shows
the expected behavior for an antiferromagnetic chain. Its main
parts are a constant χ at high temperatures as discussed in sec-
tion 1.2 and a Curie like upturn due to some impurities for lower
temperatures. The very small upturn for the undoped compound
is consistent with a very low defect concentration. Including Ni as
magnetic impurity leads to a larger increase towards lower temper-
atures. Fits of the data according toχ (T )= χ0+χCurie (T )+χSpin (T )
are shown as solid lines in the inset. For this fit equation 1.25 was
used for χSpin (T ). The resulting numbers of free spins per Cu-site
are shown in table 5.8. The difference in the order of magnitude
indicates, that the Ni spins are not completely free. The absolute
values hint, that the nominal 0.5%Ni sample has actually a slightly
smaller concentration of Ni.
In the main plot of figure 5.28 the thermal conductivity for the
various levels of Ni doping can be found measured parallel to the
spin chain. Even the smallest doping of a quarter of a percent Ni
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Figure 5.28: Doping dependence of
the thermal conductivity along κc for
SrCuO2 for the undoped compound
(red squares), 0.25% Ni (blue trian-
gles), 0.5% Ni (black stars) and 1% Ni
doping (green circles). Inset: Thermal
conductivity as a function of doping
for T = 300 K.
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Figure 5.29: Doping dependence of
the thermal conductivity along κa for
SrCuO2 for the undoped compound
(red squares), 0.25% Ni (blue trian-
gles), 0.5% Ni (black stars) and 1% Ni
doping (green circles). Inset: Mag-
netic susceptibility as a function of
temperature in an external field of 1 T
parallel to the crystallographic c-axis.
The same symbols as in the main plot
are used. The solid brown lines are fits
to the data.
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has a drastic effect on the thermal conductivity. The broad peak
at low temperatures of the undoped compound is strongly com-
pressed and the maximum is shifted towards lower temperatures.
Up to 150 K there is a strong suppression of κc by a factor of ≈ 2.5
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Figure 5.30: Comparison of κa and κb
of SrCuO2 doped with 0.25% Ni.
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Figure 5.31: Callaway-Fits (black
lines) to the thermal conductivity
κa of SrCuO2 doped with various
concentrations of Ni.
ns
0.25% Ni 0.021%
0.5% Ni 0.036%
1% Ni 0.10%
Table 5.8: Number of free S = 1 spins
per Cu-site for different concentra-
tions of Ni doping.
beginning at the maximum at low temperatures. Around room
temperature the thermal conductivity is still smaller compared to
the undoped compound but only by a factor of ≈ 1.3. An increase
of the Ni doping to 0.5% and 1% leads to a reduction of the max-
imum at low temperatures consistent with a higher impurity con-
centration and an small overall reduction of the thermal conduc-
tivity without a change in the shape of the curve with regard to
the 0.25%Ni doping. For the higher doping levels the position
of the maximum at low temperatures remains unchanged. This
strongly corroborates theprevious analysis fromsection 5.3, which
explained the peak of the undoped compound as composed of two
contributions - the usual phononic peak and an additional peak
attributed to the magnetic heat transport. It is mostly this second
contribution, which is suppressed by the Ni doping. As shown in
the inset of figure 5.28 the suppression of κc by Ni doping is still
quite significant at room temperature. The possible implications
of this are discussed in section 5.7.2.
Shown in the main plot of figure 5.29 are the thermal conduc-
tivities κa of SrCuO2 doped with magnetic Ni impurities along
the crystallographic a direction. The curve for the undoped com-
pound was discussed in section 5.3 and shows a typical phononic
behavior. Ni only acts as impurity along the a direction and there-
fore a decrease in the maximum upon doping is expected, as dis-
cussed in section 2.3. Unexpected and against the initial intuition,
doping with 0.25%Ni leads to an enhancement of the peak at low
temperatures along κa . Doping with 0.5%Ni leads to a reduction
of the peak and a Ni concentration of 1% lowers the maximum
even more. At room temperature, as shown in the inset of fig-
ure 5.28, the addition of Ni has only a weak influence on the ther-
mal conductivity κa . Considering the consistent reduction of the
maximum starting with the lowest doping, it is reasonable to infer
a homogeneous distribution of Ni throughout the lattice. Since the
peak at low temperatures usually is determined by the scattering
off defects alone, a higher peak can only be understood by postu-
lating an additional scatteringmechanism, which is being lifted by
the doping. Namely, strong phonon scattering at spin excitations
traveling perpendicular to κa , along the spin chains, is one possi-
ble assumption. This notion of perpendicular scattering is a strong
assumption. However, it is corroborated by the transport behavior
along κc , as this was strongly suppressed for a small Ni doping.
Figure 5.31 shows a phononic fit to the data. While the set of
curves can be described quite well within the Callaway-model it is
noteworthy, that all parameters have to be varied. The parameters
are shown in table 5.7. Large changes occur upon doping, not only
for the amount of point defects, but for all other quantities as well.
This again highlights the strong effect of Ni doping and addition-
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Figure 5.32: Magnetic thermal con-
ductivity κmag. Inset: Thermal con-
ductivity κc of SrCuO2 with 1% Ni
doping in a field of 14T compared
to a measurement without field. The
shaded areas illustrate the uncertainty.
ally supports the previous assumption, that the change in κa may
not be understood by a simple change of one type of defects.
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Figure 5.33: 63Cu spin lattice relax-
ation rate T1 of SrCuO2 dopedwith 1%
Ni for the crystallographic b axis paral-
lel to the applied magnetic field. Re-
sults by [234].
The slight difference between κa and κb observed for undoped
SrCuO2 is still present upon Ni doping. However, as shown in fig-
ure 5.30, the magnitude of the anisotropy has not changed. This
leads to the conclusion, that Ni has not influenced this purely
phononic effect and a further consideration of κb is unnecessary.
Proposed in reference [28] was an effect on the spinon trans-
port by a magnetic field even for J ≫ B , although exact orders of
magnitude were not given. As seen in the inset of figure 5.32, a
magnetic field of 14T does not show any influence on the ther-
mal conductivity of SrCuO2 doped with 1%Ni. Disregarding ref-
erence [28], this is not surprising, since the difference in the ener-
gies between the exchange coupling and the magnetic field is two
orders of magnitude.
Shown in figure 5.33 is the 63Cu spin lattice relaxation rate
determined by measurements of the nuclear magnetic reso-
nance [234]. At high temperatures, for T > 130K, the 1/T1 time
is temperature independent, as expected for a S = 1/2 Heisen-
berg spin chains. Below T < 130K, 1/T1 suddenly decreases and
approaches zero around 30K. This is the typical behavior for the
opening of a gap ∆ in the spin excitation spectrum. An estimate of
the size of this gap shows that ∆ is of the order of ≈ 100K.
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5.7.2 Discussion
The room temperature thermal conductivities as a function of dop-
ing x are shown in the inset of figure 5.28. They change dramati-
cally upon doping. While it was already noted, that κa is roughly
unchanged, κc changes approximately linear as function of dop-
ing. The same doping dependence can be obtained for κmag =
κc −κa , because κa is approximately independent of doping. That
κc shows this strong doping dependence at room temperature, is
a quite significant result. It shows, that spinon-defect scattering
is still dominating. This is even more surprising, when consider-
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Figure 5.35: Magnetic mean free path
lmag of SrCuO2 doped with Ni, to-
gether with a fit according to equa-
tion 2.47.
ing, that neither the increase of the overall purity in section 5.3,
nor the doping with Ca in section 5.6 showed any spinon-defect
scattering at room temperature. To further illustrate this result, κc
as a function of doping for various temperatures is shown in fig-
ure 5.36. For not too high and not too low temperatures (starting
roughly at 75K), the dependence upon doping can be described
reasonably well with the expected ∼ 1/x law, according to equa-
tion 2.50. Therefore, regarding this doping dependence and the
gap in the excitation spectrum it seems reasonable to assume the
validity of Matthiessen’s rule above 100K.
By subtracting the purely phononic κa from κc (figure 5.32 and
figure 5.39), it is possible to estimate themagnetic thermal conduc-
tivity. For the doped compounds the data is cut at 50K as the er-
ror from the subtraction at lower temperatures becomes too large.
While there is a large peak at 36K for the undoped compound, only
a slight positive slope is present towards low temperatures in the
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set of curves for the doped compounds. Also it is interesting to
note, that the magnetic thermal conductivity for 1% Ni doping is
virtually constant for T > 100K and as large as≈20Wm−1K−1. This
is roughly half of the room temperature value of the undoped com-
pound with ≈40Wm−1K−1.
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Figure 5.36: Thermal conductivity κc
for SrCuO2 as a function of doping
for 75 K (blue triangles), 150 K (red
squares) and 300 K (green circles).
With equation 2.46 themean free path lmag can be derived. The
results are shown in figure 5.34. As expected from the magnetic
thermal conductivity, themean free path gets smaller byNi doping.
The slope towards lower temperatures is reduced by an increase of
the Ni concentration. At room temperature the mean free path is
roughly halved for 1%Ni doping, while around 100K the same dop-
ing leads to a reduction of lmag by 80%. In section 5.3 themean free
path for the undoped compound was explained by a general Um-
klapp process and a temperature independent spinon-defect scat-
tering rate. In accordance to the validity of Matthiessen’s rule dis-
cussed above, it is only possible to understand lmag > 100K for the
doping series by equation 2.47. Fits according to this equation are
shown in figure 5.35. A reasonable agreement of the fit to the data
is found only above 50K (0.25% Ni), 75K (0.5% Ni) and 100K (1.0%
Ni). Below these temperatures the curvatures do not correspond
as the fit saturates to l0 and the experimentally determined lmag
increases further. The fits were done with the same T ∗u for all dop-
ing levels (taken from section 5.3), which means the use of a fixed
energy scale. A comparison of the derived l0 with the mean Ni-
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Figure 5.37: Mean Ni-Ni distance
compared to the extracted defect scat-
tering dependent mean free path l0
from figure 5.35.
Ni distance d is shown in figure 5.37. The dependence is roughly
linear, which is expected for defect scattering but also surprising,
regarding the difficultieswith the applicability ofMatthiessen’s law.
A perfectly linear dependence would be found for roughly 0.4% Ni,
which may be the actual amount of Ni in the sample, considering
the number of free spins per Cu site from table 5.8. A scattering
probability dNiNi/l0 ≈ 1.7 can be derived. The uncertainty of the
estimated l0 is large, therefore a derivation of a rigorous statement
from the scattering probability it difficult. The obvious conclusion
of dNiNi/l0 ∼ 1 is that the S = 1 defects lead to breaks in the chains,
which spinons cannot cross. Those separate the chains into finite
segments.
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Figure 5.38: Sketch of the predicted
dispersion relations. The solid blue
line depicts the dispersion of a acous-
tical phonon for small k. This is re-
lated to the dispersion of a spinonwith
(solid black line) and without (gray
dashed line) a gap.
Figure 5.38 shows a sketch of the possible interplay of the pho-
non and spinon dispersion upon the opening of a spin gap. Ap-
parently, for the gapless case, strong spinon-phonon scattering is
possible, which limits κmag for high temperatures. In the presence
of a spin gap, no spinons are excited for small values of k and for
low energies. As was illustrated in figure 2.13, these low lying exci-
tations are themain contribution to themagnetic thermal conduc-
tivity. Hence their absence leads to an overall drastic reduction of
κmag. Additionally, the increase of the peak of κa upon doping sug-
gests, that the intrinsic phononic conductivity is only found in the
absence of spinons. Thus, κph is limited by the excited spinons at
low temperatures in the undoped compound. To further support
this argument, an estimate of κmag for 1%Ni doping with andwith-
out a spin gap of 100K is shown as solid line in figure 5.39. A com-
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parison of both curves shows, that the largest difference is found
around 20K in the vicinity of the phononic maximum. There, the
spin gap totally suppresses the magnetic heat transport.
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Figure 5.39: Doping dependence of
κmag for SrCuO2 for the undoped com-
pound (red squares), 0.25% Ni (blue
triangles), 0.5% Ni (black stars) and
1% Ni doping (green circles). The
black line shows κmag reproduced
from the fit to lmag shown in fig-
ure 5.35 with equation 2.45. The yel-
low line was calculated with the same
equation, but a spin gap of 100K has
been included, by adapting the lower
integration limit.
Among related low-dimensional systems the experimental re-
sults of S = 1 doping are controversial. Data for the two-
dimensional spin lattice La2CuO4 [52] and the spin ladder
Sr14Cu24O41 [44] with Ni doping exist. For La2CuO4 a significant
reduction of κmag, due to the Ni doping is found. In the ladder
compound, the Ni does not seem to have an influence on κmag.
However the situation remains spurious, as it is not clear if the Ni
actually was doped into the ladder.
5.7.3 Summary
It was found, that S = 1 Ni doping has a drastic effect on the mag-
netic thermal conductivity. The smallest doping of 0.25% Ni de-
creases themagnetic thermal conductivity by a factor of seven. For
higher levels of doping this decrease is even larger. This shows
that κmag is very sensitive to the presence of magnetic defects. The
strong reduction of κmag is reflected in a spin gap of≈ 100K for the
compound doped with 1% Ni, observed by measurements of the
nuclear magnetic resonance.
5.8 SrCuO2 and Sr2CuO3 doped with non-magnetic
S = 0 impurities
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Figure 5.40: Magnetization of SrCuO2
with field of 1T parallel the c axis for
the undoped compound (red squares),
0.5% Mg (purple circles) and 1% Mg
doping (cyan triangles). Shown as di-
amonds are corresponding Quantum
Monte Carlo (QMC) calculations [235].
The black lines are fits according to
same formula as in section 5.7.1.
In this section the influence of non-magnetic impurities on the
magnetic thermal conductivity κmag of the single-chain com-
pound Sr2CuO3 and the double-chain SrCuO2 is discussed. The
data for the undoped compound was discussed in section 5.3. A
mean free path of the magnetic excitations lmag ofmore than 1µm
and thus a ballistic nature of the underlying transport process was
found. By substituting the Cu2+-ions in the chain structure with
non-magnetic Mg2+ impurities one expects to cut the chains into
finite segments. This should result in a reduction of the mean
free path according to the mean distance of the impurities. Such
an analysis for non-magnetic impurities has already been applied
successfully in a spin ladder compound [223].
This section is organized as follows. First the results for Mg
doped SrCuO2 and then Mg doped Sr2CuO3 are presented. Af-
terwards the results for both compounds are compared and dis-
cussed.
5.8.1 S = 0 impurities in SrCuO2
Figure 5.40 shows the magnetization of the doping series. With
respect to the curve for the undoped compound, Mg doping in-
creases the Curie like upturn at low temperatures. Since Mg is of
S = 0 it should not contribute to the overall magnetization. There-
fore, the increase of the magnetization indicates the appearance
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Figure 5.41: Doping dependence of
SrCuO2 alongκc (closed symbols) and
κa (open symbols) for the undoped
compound (red squares), 0.5% Mg
(purple circles) and 1% Mg doping
(cyan triangles). The dashed blue line
is a subtraction of κc 1% Mg from κc
undoped. Inset: The dashed line is
calculated by subtractingκc with 0.5%
Mg from κc undoped. Shown as com-
parison are the thermal conductivities
κa for the undoped compound (red
squares), for 0.5% Ni doping (black
stars) and for 0.5% Mg doping (purple
circles).
of partially free spins at the Mg-O-Cu bonds. This can be seen as
evidence that Mg indeed was doped into the spin chain. Fits with
the same approach as discussed in section 5.7.1 do not agree very
well with the overall curveshape. The corresponding numbers of
free spins are given in table 5.9. Shown by open symbols are the
results of QuantumMonte Carlo (QMC) calculations [235].
ns
0.5% Mg 0.036%
1%Mg 0.17%
Table 5.9: Number of free S = 1/2
spins per Cu-site for different concen-
trations of Mg doping.
Shown in figure 5.41 is the thermal conductivity of SrCuO2 with
various levels of Mg doping measured parallel and perpendicular
to the spin chain structure. First, the set of curves perpendicu-
lar to the spin chains along κa is discussed. It reveals a typical
phononic behavior for all different doping levels. The only change
to the curves by the increase of the concentration of Mg, is a con-
sistent reduction of the phononic maximum at T ≈ 18K. Shown as
solid lines are fits to the data using the purely phononic model dis-
cussed in section 2.3.3. The fit parameters are given in table 5.10.
All parameters were determined from the fit to the undoped com-
pound. Than only A, which describes the concentration of point
defects, was changed for higher doping. This leads to a good de-
scription of the experimental results. It is consistent with the ex-
pected scenario of phonon-defect scattering along κa for Mg dop-
ing and also indicates a homogeneous distribution of Mg through-
out the lattice.
For the undoped compound, the thermal conductivity along
the spin chain is dominated by magnetic heat transport κmag.
Adding non-magnetic point defects to the chain should limit the
spinon mean free path and therefore reduce κmag. For 0.5% Mg
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B in 10−31K−1s2 A in 10−43 s3 L in 10−4m b
0% 4.48 1.39 7.93 2.78
0.5% Mg - 1.98 - -
1.0% Mg - 3.05 - -
Table 5.10: Fit parameters of the Call-
away fit (cf. section 2.3.3) to κa of
SrCuO2 doped with non-magneticMg
impurities. Only the concentration
of point defects A is allowed to vary.
Parameters for the crystal symmetry
were α= 3 and β= 1.
B in 10−31K−1s2 A in 10−43 s3 L in 10−4m b
0%Mg 3.45 1.53 2.33 3.49
1%Mg - 0.89 - 2.51
Table 5.11: Fit parameters of the Call-
away fit (cf. section 2.3.3) to κc of
Sr2CuO3 with Mg doping shown in fig-
ure 5.42 withα= 3 and β= 1. The con-
centration of point defects A and the
Debye temperature related variable b
of the Umklapp process are allowed to
vary.
doping, there is a reduction of κc for T < 40K and the maximum is
shifted towards a higher temperature. This shows, that also along
κc , the phononic part of the thermal conductivity κc ,ph is sup-
pressed. But surprisingly, above 40K there is no significant devi-
ation from the thermal conductivity of the undoped sample. Dou-
bling the Mg doping to 1% does not change the overall thermal
conductivity at all. I could be argued, that these results are related
to uncertainties in the measurement. Therefore, the experiments
were repeated with samples of different geometry, which lead to
the same result.
Under the assumption that, the simple ansatz κ=κph+κmag is
applicable, this immediately allows to draw the conclusion thatMg
doping only influences the phononic subsystem. If the magnetic
transport would also be influenced, first, a reduction of κc for T >
50K would be expected. Second, this reduction should increase by
doubling the Mg doping. To further elucidate this point, κc with
0.5% Mg is subtracted from κc undoped. The resulting curve is
shown in the inset of figure 5.41. It has most of its weight centered
at the phononic maximum of κa . Furthermore it is interesting to
note, that the height of the maximum is comparable to that of κa
for 0.5% Ni doping.
Two explanations for this scenario can be thought of. Either
Mg impurities are transparent for spinon excitations or SrCuO2 is
only a poor approximation of a Heisenberg chain compound and
the interchain interaction cannot be neglected. To test this, the
same doping experiment was performed on the single chain com-
pound Sr2CuO3. There the interchain interaction is 10−5 orders of
magnitude smaller than in SrCuO2.
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Figure 5.42: Doping dependence of
Sr2CuO3 along κb (closed symbols)
and κc (open symbols) for the un-
doped compound (squares) and 1%
Mg doping (triangles). The black lines
are a fit to the data by a phononic
model. Inset: Magnetization of
Sr2CuO3 with field of 1T parallel the
c axis for the undoped compound
(squares) and 1% Mg doping (trian-
gles). Shown as diamonds are corre-
spondingQMC calculations.
5.8.2 S = 0 impurities in Sr2CuO3
In the inset of figure 5.42 the magnetization data for pure and
doped Sr2CuO3 is shown and compared to Quantum Monte Carlo
(open symbols) calculations [235]. No Curie tail which could ac-
count for additional impurities was subtracted for the data that is
shown. For the undoped sample basically a straight line is found.
This agrees exactly to the theoretical expectations discussed in sec-
tion 1.2 and proves an excellent sample quality. Similar to SrCuO2
the upturn at low temperatures by doping with non-magnetic Mg
also indicates the appearance of alignable Cu2+ spins, due to Mg-
O-Cu bonds. The Quantum Monte Carlo calculations were per-
formed for one spin chain with included impurities. In order to
get a comparison to the experiment, the results then were multi-
plied by the number of spin chains per unit area Ns . No further
scaling was necessary to get an absolute agreement to the experi-
mental data. This is an indication of a perfect realization of a one-
dimensional Heisenbergmodel within Sr2CuO3. It is also evidence
for a successful doping experiment and shows that indeed 1% of
non-magnetic impurities are present.
Figure 5.42 shows the results from the measurements of the
thermal conductivity parallel (κb) and perpendicular to the spin
chain (κc ) of pure and 1% Mg doped Sr2CuO3. First, looking per-
pendicular to the spin chain along κc with no Mg doping, the
thermal conductivity expected for a typical phononic conductor
is found. This curve was discussed in section 5.4. Doping with
1% Mg reduces the maximum by half, but does not change the
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Figure 5.43: Doping dependence of
the magnetic thermal conductivity
κmag for Sr2CuO3. Shown as dashed
line is a fit to the data by a 1/T 2 law.
Inset: Corresponding mean free paths
for pure and 1%Mg doped Sr2CuO3.
shape of the curve otherwise. As for SrCuO2, both curves can be
fitted by a phononic model. Two parameters have to be changed,
in order to describe the Mg doping. Again, all parameters were de-
termined for the undoped compound, then the number of point
defects A and the variable b, related to the Debye temperature in
the Umklapp process, were varied. All parameters can be found
in table 5.11. Graphically, the results of the fit are shown as black
lines in figure 5.42. They are in good agreement with the data and
this is a good indication, that theMg is distributed homogeneously
throughout the lattice.
Turning now towards the data along the spin chain κb . The
curve for the undoped compound is described in discussed in sec-
tion 5.4. 1% Mg doping decreases the maximum, as well as the
anisotropy. This is strong evidence, that theMg goes to the Cu sites
and cuts the spin chains into finite segments, reducing the spinon
transport.
5.8.3 Discussion and comparison
Following the established analysis of κ from the previous sections,
the magnetic thermal conductivity κmag of Sr2CuO3 is extracted
by subtracting the purely phononic thermal conductivity along κc
from the thermal conductivity parallel to the chainsκb . Figure 5.43
shows the resulting κmag for both doping levels. From low temper-
atures the magnetic heat transport for the undoped compound in-
creases up to a maximum around 50K. For higher temperatures
κmag decreases. A similar behavior, albeit a much broader maxi-
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mum can be found for the doped compound. The decrease of the
magnetic thermal conductivity above the maximum up to room
temperature is found to be in excellent agreement with either a
exponential or a 1/T 2 law. A possible origin of this behavior is
discussed in section 5.4. At room temperature the absolute value
of κmag is decreased by 20% with respect to the undoped sam-
ple. From the magnetic thermal conductivity the magnetic mean
free path lmag can be extracted with formula 2.47. The results are
shown in the inset of figure 5.43. The defect dependent mean free
path at low temperatures l0 is≈ 0.4µm for theundoped compound.
The Mg doping reduces l0 by half to ≈ 0.2µm. At room tempera-
ture lmag like κmag is decreased by 20%. With a lattice constant of
cb = 3.91Å along the chain direction, the mean Mg-Mg distance
for 1% doping is roughly dMgMg ≈ 0.04µm. This is by a factor of five
lower than the measured l0 which leads to a scattering probability
of dMgMg/l0 ≈ 0.2. This means that Mg defects are partially trans-
parent for spinons. In this regard it might be interesting to study,
if this behavior persists for larger amounts of Mg doping. The de-
rived scattering probability for magnetic impurities dNiNi/l0 ≈ 1.7,
discussed in section 5.7, was much larger. Despite the gap ob-
served for Ni doping, the suppression of the magnetic transport
by S = 1 impurities seems to be stronger by almost one order of
magnitude than for S = 0 defects. In a related study (c.f. refer-
0 100 200 300
0.0
0.1
0.2
0.4% Pd
1% Pd
 
l m
ag
 (µ
m
)
T (K)
3N pure
Figure 5.44: Mean free paths of
Sr2CuO3 doped with various concen-
trations of S = 0 palladium. Results re-
produced from reference [112].
ence [112]), the influence of S = 0 palladium doping on the single
chain compound Sr2CuO3 was investigated. Also for this doping, a
suppression of κmag was observed. The resulting mean free paths
are shown in figure 5.44. From these, a scattering probability of
dPdPd/l0 ≈ 0.8 can be derived. This indicates that Pd is a much less
transparent defect than Mg and more efficiently breaks the chain
to finite segments.
It is now possible to compare the results for SrCuO2 and
Sr2CuO3. Measurements on Sr2CuO3 show, that Mg impurities are
only partially transparent for spinon excitations. Therefore, an in-
fluence on themagnetic heat transport of SrCuO2 uponMg doping
is expected. Since this is not found it is likely that SrCuO2 is not
a good approximation for a Heisenberg antiferromagnet. The ex-
change interaction J ′ between the neighboring chains is only one
order of magnitude smaller, than the intrachain interaction J . It
is therefore not far fetched to propose for transport, that the in-
terchain coupling is not negligible, in contrast to usual assump-
tions [200]. Through this interchain interaction, it maybe possible
for a spinon to propagate around a defect on one chain using the
neighboring chain. This will of course not work, if there is also a
defect at the same position in the neighboring chain, but with the
small doping levels studied here, this is quite unlikely. This simple
picture has its difficulties, when relating it to the Ni doping. Al-
though for Ni a spin gap is found, the scattering probability still
was quite large. Therefore it is difficult to see, why spinons of a Mg
doped chain should be able to propagate around a defect, while
they are scattered in the Ni case.
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Broadening the picture, S = 0 impurities were also doped to
the spin ladder compound Sr14Cu24O41 [223]. There, a scattering
probability close to unity was found. The principle excitations of
the ladder are triplons and they live on a complete rung. If one
part of the rung is blocked by a defect, the excitations cannot pass.
S = 0defects also limit the propagationof spinons in the spin chain
Sr2CuO3. This however is not the case for the double chain SrCuO2.
Therefore it is possible, that the excitations in SrCuO2 are not pure
spinons, but something else, which lives on both chains simulta-
neously.
5.8.4 Summary
The thermal conductivities for the single and double chain com-
pounds Sr2CuO3 and SrCuO2 doped with non-magnetic S = 0 Mg
impurities were measured. For the single chain compound the
doping reduces the overall κmag. Nevertheless, the effect is much
smaller than compared to the S = 1 doping. κmag of the double
chain however, is not affected by Mg doping. This leads to the
conclusion that interchain interactions cannot be neglected for
the double chain. Spinon excitation may propagate around the
scarcely distributed impurities.
CHAPTER 6
Interplay between site-
and bond-disorder in
Zn-doped CaCu2O3
Laverne: Ya gotta break these
chains! Quasimodo: I can’t. I tried,
what difference would it make?
The Hunchback of Notre-Dame,
Victor Hugo (1831)
In contrast to the other known spin chain systems introduced
in section 2.5.1, the magnetic thermal transport for undoped
CaCu2O3 does not show a maximum. It increases linearly. Such a
linear increase is exactly, what one expects from theoretical predic-
tions of the thermalDrudeweight given by equation 2.37, if scatter-
ing is T -independent. Since CaCu2O3 is a systemwith strong disor-
der, T -independent spinon-defect scattering is actually expected.
Therefore, the study of this compound presents a nice counter bal-
ance to the study of SrCuO2 and Sr2CuO3 from chapter 5, where
spinon-phonon scattering was the dominating process. The mod-
ification to pure CaCu2O3, which is investigated in this chapter, is
doping by non-magnetic zinc. Contrary to a naive expectation, for
small doping levels, zinc does not substitute copper in the chains.
It occupies lattice sites outside of the chain and thus changes the
bond disorder of the system. Only after a critical concentration of
zinc is reached, also in-chain copper is substituted, which in turn
leads to strong changes of the magnetic heat transport.
A good overview of the structure of the undoped compound
can be found in [236]. All the exchange interactions which have to
be considered are discussed in reference [237]. Complementary to
the transport measurements reported in the following, the same
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crystals were studied by electron spin resonance. The results can
be found in a recent thesis [238] and are used for the interpretation
of the transport data.
Figure 6.1: Crystal structure of
CaCu2O3 from [239]. The symme-
try is Pmmn with lattice constants
a = 9.85Å, b = 4.11Å, c = 3.47Å [240].
The lower picture shows the buck-
led ladder structure. The linked
copper-oxygen plaquettes illustrate
the respective exchange interactions.
6.1 Introduction
Within the quest for the understanding of low-dimensional
spin systems with large exchange coupling J , the compound
CaCu2O3 [240, 241] has been under discussion for some time. Its
main building block are Cu-O-Cu ladders. Such a structure shown
in figure 6.1 is formed by combining two spin chains introduced in
section 1.2 with an additional exchange interaction Jrung. But un-
like the related ladder compound SrCu2O3 [242–244] the ladders in
CaCu2O3 are not flat [240].1 Due to the chemical pressure of the Ca
1It is easy to confuse SrCu2O3,
which is a good representation of a
spin ladder system, with the chain
compound Sr2CuO3 discussed in
chapter 5.
ions the rungs are buckled by an angle of 123°. For SrCu2O3 such a
buckling can be achieved via an external pressure of 3.4GPa [245].
Following the Goodenough-Kanamori rule,2 the exchange interac-
2John B. Goodenough (1963) [246]
Junjiro Kanamori (1959) [247]
tion Jrung therefore has to be small. Indeed, by fits to the mag-
netic susceptibility and neutron diffraction [248] as well as quan-
tum chemistry calculations [239, 249], a large exchange along the
legs of Jleg/kB ≈ 2000K and a much smaller one along the rungs
Jrung/kB ≈ 100K has been found. The ferromagnetic Jinter, shown
in the lower part of figure 6.1, was calculated to be of the same or-
der as Jrung although of opposite sign [239]. It should be noted that
initial calculations of the bandstructure [250, 251] gave a much
larger Jrung/kB ≈ 580K. With those calculations it was possible to
describe the unoccupied electronic states due to the agreement to
polarization dependent X-ray absorption spectroscopy [250]. Nev-
ertheless, later calculations referred to the approach of [248] and
considered Jrung as weak [252]. Another characteristic feature of
a spin ladder is the gap in the spectrum of magnetic excitations.
Electronic spin resonance measurements however [237, 253] did
not show a significant spin gap.3 Even more, inelastic neutron
3For T < TN a gap smaller than
10 K was found.
scattering experiments indeed revealed a spin chain like excitation
spectrum with small interchain interactions and an upper limit
for a gap of 30 K [254]. Using the techniques mentioned above,
additional exchange interactions have been determined. Concen-
trating on the most important ones, the interlayer coupling along
the c axis Jc was given as Jc/kB ≈ 100K [248, 252] and therefore
of the same order of magnitude as Jrung. Along the a axis an
even weaker and frustrated interladder exchange coupling is ex-
pected [248, 252]. Therefore, CaCu2O3 is usually treated as ensem-
ble of spin chains perturbed by weak interchain interactions. As
life would be too simple if the story would end here, CaCu2O3 pro-
vides additional surprises. The compound has been found to be
strongly non-stoichiometric meaning the actual composition was
determined to be more close to Ca0.84Cu2.16O3−δ [236, 255]. The
oxygen deficiency of roughly 7% [256] leads to perturbations of the
ladder structure, limiting its maximum length. Additionally, Cu
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is not only present inside the ladder structure, henceforth called
Cu(1), but is also required to balance the Ca deficiency, called
Cu(2). Copper in the ladder is found in the form of Cu2+ thus
S = 1/2, whereas Cu(2) is in a 3d10 configuration and therefore
non-magnetic. As shown in references [237, 238] a Cu(2) near an
Figure 6.2: Part of a buckled ladder
in CaCu2O3. The extra Cu (shown in
red) is responsible for an additional ex-
change interaction Jeh/kB ≈ 8− 30K.
From [238].
oxygen vacancy shifts towards the nearest regular rung and medi-
ates an additional exchange along the highly frustrated a direction
Jeh/kB ≈ 8− 30K. This situation is illustrated in figure 6.2. De-
spite these peculiarities, in the following the compound will be re-
ferred to as CaCu2O3 for simplicity. Further studies on CaCu2O3
performed so far include quantum Monte Carlo simulations [257]
and measurements of the optical conductivity [258].
6.2 Experimental details
Figure 6.3: Samples of CaCu2O3 un-
der polarized light. Shown is a whole
sample with 35% Zn doping (top)
and under larger magnification the
same sample (right) and a samplewith
11% Zn (left). The straight lines are
scratches on the surface, the black
spots belong to a secondary phase,
possibly Ca2CuO3.
Large single crystals of CaCu2O3 with various concentrations of Zn
were grownby the traveling solvent floating zonemethod [256, 259,
260]. For the transport measurements, three rectangular samples
with typical dimensions of (2 ·0.5 ·0.5) mm3 were cut from the crys-
tals for each doping level, with an abrasive slurry wire saw. The
longest dimension of each crystal was taken parallel to each of the
principal axis. As possible inclusions of a second phase have been
reported [256], all measured crystals were checked for phase pu-
rity under polarized light and by x-ray diffraction. Figure 6.3 shows
typical pictures of the surface of a sample, illuminated with polar-
ized light. Additionally the magnetization wasmeasured and com-
pared to the results from literature [238, 255, 260] to assure a good
sample quality. The results can be found in figure 6.4 and are dis-
cussed in the next section. Measurements of the thermal conduc-
tivity in the range of 7–300K were then performed with a standard
four probe technique.
6.3 Results
Shown in figure 6.4 is the susceptibility χ (T ) for different levels
of doping, with the external fields applied parallel to the crystal-
lographic c-direction. Looking at the curve for the undoped com-
pound in an external field of 0.1 T first, one finds a Curie like behav-
ior with T -independent background for high temperatures [255].
A kink at TN ,0 = 26.2K marks the onset of three-dimensional order-
ing. Below this Néel temperature, the susceptibility is virtually con-
stant [248, 261]. Considering the doping of 11% Zn4, for high tem-
4The notation of 11% and 35% Zn
doping is taken from reference [238]
for easy comparison. In refer-
ences [256, 260] the doping levels
are referred to as 3.5% and 14%,
because the excess Cu was ignored
there. Additionally, it has to be noted,
that the proper way of relating the Zn
doping to the Cu(1) sites would yield
other percentages.
peratures the susceptibility is still Curie like. The peak associated
with the Néel temperature is shifted to a slightly lower tempera-
ture TN ,11 = 21.4K and broadened. Below the peak, a slight upturn
towards low temperatures is observed. For strong doping, at high
temperatures, the susceptibility is again Curie like [238]. The indi-
cation of a Néel peak is found at TN ,35 ≈ 3.5K. Although a higher
Néel temperature of≈ 6Kwas reported in reference [260], the over-
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Figure 6.4: Change of the susceptibil-
ity as a function of temperature for
different levels of doping in an exter-
nal field of 0.1T. The respective Néel
temperatures are indicated by the ver-
tical dashed lines. The external field
was aligned along the crystallographic
c axis.
all decrease in TN upon doping is consistent, with the reported re-
sults [238, 260]. It is interesting to note, that this is in contrast to
results of Zn doping in the related compound SrCu2O3 [243, 262–
264] and further hints at the fundamentally different properties of
CaCu2O3. Within the context of this thesis, the susceptibility is
only used to ensure good sample quality, and therefore not further
discussed. A detailed analysis can be found in reference [238].
In figure 6.5 measurements of the thermal conductivity for the
pure compound as well as for two levels of Zn doping parallel (κb)
and perpendicular (κc ) to the spin chain are shown. The crystallo-
graphic a direction, also perpendicular to the spin chain, is shown
if figure 6.6. The crystal is electrically insulating. Therefore only
phononic andmagnetic contributions to the thermal conductivity
have to be considered. As known from the pure compound [98],
the overall phononic thermal conductivity is quite small. Consid-
ering the stoichiometry Ca0.84Cu2.16O3−δ this does not come as a
surprise. Since the large Ca deficiency has to be balanced by ex-
cess Cu, a strongly aperiodic distribution of Cu(2) and Ca is ex-
pected. This aperiodicity entails strong phonon-defect scattering.
The crystallographic c direction, perpendicular to the spin chain,
shows this behavior, which dominates over the whole tempera-
ture range. The curve for the undoped compound shows only
a small peak at low temperatures, which is followed by a virtu-
ally constant thermal conductivity. The height of the peak with
3W/mK is around two orders of magnitude lower, as compared
to SrCuO2 [111, 265]. Doping with 11% Zn leads to a slight re-
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Figure 6.5: Thermal conductivity
of undoped CaCu2O3 (green circles),
11% Zn doping (red triangles) and 35%
doping (blue squares). The closed
symbols mark the crystallographic b
direction, parallel to the chains. The
open symbols indicate the crystallo-
graphic c direction. The data of the
pure compound has been reproduced
from [98].
duction and broadening of the phononic peak to 2.6W/mK. This
decrease is the expected behavior of the thermal conductivity for
added impurities as discussed in section 2.3. For higher tempera-
tures no change of the heat transport with regard to the undoped
compound is observed. A further increase of the Zn content to 35%
decreases the maximum of the thermal conductivity to 2.5W/mK.
No further change of the curve is observed with regard to 11% Zn
doping. This is a relatively small impact on the thermal conductiv-
ity considering the large amount of additional zinc defects. It fur-
ther corroborates the point, that already for the undoped system,
defect scattering is the dominating process. 0 100 200 300
1
2
3
4
 0% Zn
 11% Zn
 35% Zn
 
 
κ 
(W
K-
1 m
-1
)
T (K)
Figure 6.6: Thermal conductivity of
CaCu2O3 for the different levels of
doping, along the crystallographic
a direction. Undoped CaCu2O3 is
shown by green circles, 11% Zn dop-
ing by red triangles and 35% doping by
blue squares.
Again, perpendicular to the spin chain, along the crystallo-
graphic a direction, (cf. figure 6.6) no peak at low temperatures
is found for the undoped compound. The absence of the peak, to-
gether with the overall low value of κa , reflects a strongly aperiodic
structure. In the description of the results along κc , it was already
mentioned, that the Ca deficiency is balanced by Cu(2) on intersti-
tial sites. Additionally, in the vicinity of oxygen defects, the Cu(2)
atoms can shift and mediate an additional exchange interaction
Jeh (cf. figure 6.2). Of course, this shift increases the overall ape-
riodicity. Both effects cumulate for the heat transport along the
crystallographic a direction and elucidate the absence of the peak.
For higher temperatures a small and linear increase of the thermal
conductivity with temperature is observed. In reference [98] it was
speculated, that this may be due to the contributions of optical
modes to κ. 11% Zn doping leads to a decrease of the hump at
98 Zn-doped CaCu2O3
name stoichiometry Zn at Cu(1) Zn at Cu(2)
0% Zn Ca0.84Cu2.16O3−δ
11% Zn Ca0.78Cu2.11Zn0.11O3−δ 0.01 0.1
35% Zn Ca0.70Cu1.95Zn0.35O3−δ 0.15 0.2
35% Zn ESR measurements 0.05 0.3
Table 6.1: Stoichiometries and ex-
pected distribution of Zn according to
reference [256] and [238].
low temperatures, again within expectations of doping. For higher
temperatures, κ(T ) is reduced compared to the undoped com-
pound and constant for the whole temperature range. This change
in T -dependence is an indication that the Zn atoms have disabled
an additional channel of transport. By thermal transport measure-
ments the nature of this channel of transport cannot finally be de-
cided. It might be related to optical phonons, but also transport by
magnetic excitations, due to Jeh can be imagined. Higher doping
increases the thermal conductivity at low temperatures to a small
peak. For higher temperatures κ remains constant. The additional
channel of transport found in the undoped compound is still sup-
pressed.
0 25 50
1
2
3
0% Zn
11% Zn
35% Zn
 
 
κ 
(W
K-
1 m
-1
)
T (K)
0 25 50
0.0
0.1
TN,0%
 
 
d/
dT
 κ
 (W
K-
1 m
-1
)
T (K)
TN,11%
Figure 6.7: Shown in the top panel
is the thermal conductivity κa for low
temperatures. The symbols are the
same as for figure 6.6. The dashed
lines mark the respective Néel tem-
peratures, as determined from mea-
surements of the susceptibility. In the
panel below the first derivatives of κa
for 0% and 11% Zn doping are shown,
again with an indication of the respec-
tive Néel temperatures.
A totally different behavior arises along the direction of the
magnetic substructure, which is the crystallographic b axis. Here,
the Zn doping shows a drastic influence on the thermal transport.
Looking at the undoped compound first, after a small peak below
50K, the thermal conductivity increases linearly up to room tem-
perature. By doping with 11% of Zn, the low temperature peak is
decreased by a small amount and broadened. This is expected for
defect doping. What is not expected, is the large thermal conduc-
tivity at higher temperatures. Still almost linear for T > 100K the
slope is much higher compared to the system without Zn doping.
At room temperature the thermal conductivity for 11% Zn doping
surpasses that without Zn by a factor of 1.4. Further increasing Zn
doping to 35% has a minor effect on the peak below 50K. It is low-
ered slightly, but not further broadened. This is consistent with the
higher defect concentration. However, at higher temperatures the
doping leads to a strong reduction of the thermal conductivity. Ad-
ditionally, the overall shape of the curve is changed. The slope is
no longer approximately linear, but rather a higher power of T .
6.4 Discussion
The upper panel of figure 6.7 shows κa at low temperatures for the
different levels of Zn doping. No peak, but a hump like structure
from 15K up to 30K, is found for the undoped compound. That
the absence of a peak indicates the large amount of disorder has al-
ready been discussed. Additionally, itmay be noted, that the hump
can be an indication of long range ordering and correspond to the
Néel temperature. To further analyze this, in the lower panel of fig-
ure 6.7 the first derivative of the thermal conductivity d/dT κ(T ) is
shown. The peak there, indicates the inflection point of κ(T ) and
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Figure 6.8: Magnetic thermal con-
ductivity κmag for the different lev-
els of doping. The fits indicate that
only for the undoped compound a lin-
ear temperature dependence is rea-
sonable. Inset: Magnetic thermal con-
ductivity for 11% Zn doping fitted by
a power law κfit,2 = aT 1.13 (solid line)
without any offset. The shaded areas
show the uncertainty of the estima-
tionof κmag due to the phononicback-
ground.
corresponds directly to the Néel temperature. For 11% Zn doping,
the hump is barely visible in the thermal conductivity. Neverthe-
less, the first derivative shows a slight peak at TN . For 35% Zn the
Néel temperature is outside of the measurement range. Therefore,
no indication of an inflection point is present. Additionally, the ap-
pearing peak structure at that doping level is an indication for an
overall higher periodicity of the atoms. This is probably related to
the fact, that Zn atoms now substitute all Cu2+ at Cu(2) sites.
In order to estimate the magnetic contributions to the thermal
conductivity, the purely phononic κc is subtracted from κb . The
phononic conductivity κa is disregarded for this purpose, due to
its peculiar details, which are not expected for κb,ph. The results
of κmag = κb −κc are shown in figure 6.8. The magnetic thermal
conductivity κmag for the undoped sample is linear over the com-
plete temperature range. This is in direct correspondence to the
thermal Drude weight Dth of a spin chain. In section 2.37 it was
argued, that Dth should only be observable, if static defects domi-
nate. As shown earlier, this is exactly the case for CaCu2O3, which
was also noted in reference [98].
For a small amount of Zn doping, κmag still remains mostly
linear, but with an overall higher value. An increase of the ther-
mal conductivity upon doping is already quite surprising. Even
more so, as non-magnetic Zn is supposed to suppress the mag-
netic transport and not enhance it. A bit of light can be shed on
this puzzling behavior by considering the stoichiometries for the
different doping levels. From table 6.1 it may be learned, that actu-
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ally most of Zn atoms do not replace Cu(1) but the off-chain Cu(2)
atoms. This is further corroborated by measurements of the elec-
tronic spin resonance [238]. Thosemeasurements showed that the
amount of Zn on Cu(1) sites is negligible for 11% doping. With this
predicted distribution of Zn atoms, one would expect a decrease
of the peak of κ at low temperatures, which is observed, and an
unchanged magnetic thermal conductivity κmag for higher tem-
peratures, which is not observed. As noted earlier, Cu(2) near an
oxygen vacancy becomes unstable and shifts towards the nearest
regular rung. There a Cu2+ configuration is more favorable which
leads to an additional exchange interaction along the highly frus-
trated a direction Jeh/kB ≈ 8−30K [237, 238]. Non-magnetic Zn on
Cu(2) sites cannot mediate this interaction, effectively disabling it.
The suppression of onemechanism of spinon-scattering therefore
might explain the overall increase of themagnetic thermal conduc-
tivity. Within this regard, the introduction of Zn to the compound
actually increases its one-dimensionality. Additionally, it has to
be noted, that, in contrast to the undoped sample, a linear fit for
κmag will not end at T = 0 for κmag = 0 but at a finite temperature
(T ≈ 36K). This is shown in figure 6.8. Although this may be due
to the opening of a spin gap, such a behavior has so far not been
reported and also seems unlikely with the proposed scenario of
enhanced one-dimensionality. Going slightly away from linearity,
the curve for 11% Zn doping can be fitted quite well by a power law
with κfit,2 = aT 1.13. This is shown in the inset of figure 6.8.
The magnetic thermal conductivity for the 35% Zn doping can
no longer be fitted linearly or with an exponent close to one. It
increases as some higher power of T with an offset. Additionally
the overallκmag is strongly reduced. This indicates the suppression
of one of the transportmechanisms and suggests that breaks in the
chains have been created by the Zn atoms. This notion is backed
by the stoichiometry from table 6.1 and again bymeasurements of
the electron spin resonance [238].
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Figure 6.9: Approximation of the
mean free paths of Zn dopedCaCu2O3.
Actually, the whole set of magnetic thermal conductivities re-
flects the typical temperature dependence of a system with a large
numbers of impurities. For all doping levels the curves increase up
to room temperature. More andmoremagnetic excitations are cre-
ated by increased temperature and κmag is limited only by defect
scattering. Spin-phonon scattering may be ignored. Since static
defects are not influenced by changes of the temperature, themag-
netic mean free path should be temperature independent. Calcu-
lating the mean free path according to equation 2.39 leads to the
set of curves shown in figure 6.9. As already pointed out in [98], for
the undoped sample this analysis leads to the expected tempera-
ture independentmean free path. The overall length is small, as ex-
pected from the strong defect scattering. Themain source of these
defects as proposed by Goiran [237] are Cu2+ ions on interstitial
sites in the vicinity of oxygen vacancies. The estimated mean dis-
tance between these induced local scattering sites is dinter ≈ 68Å.
This upper limit to the mean free path agrees reasonably well to
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the experimental results [98]. For both Zn doping levels the mean
free path is not temperature independent. Discussing the overall
values first, a slightly larger mean free path is found for 11% Zn.
Since this doping level enhances the quality of the chain, a larger
distance to the next scattering event is not surprising. dinter does
no longer play a role, but still lmag should be limited by oxygen va-
cancies that produce finite chain segments ranging from d0 ≈ 40Å
to 80Å [248]. This is of the order of the observed mean free path.
For 35% Zn doping a much lower mean free path is found. This is
expected, because the chains are broken by the Zn atoms. From
table 6.1 it is straightforward to calculate themean Zn-Zn distance
in the chain. With the stoichiometry proposed in [256] dZnZn ≈ 50Å
and with [238] dZnZn,ESR ≈ 160Å is found. This leads to combined
mean-free paths of ≈ 27Å and accordingly ≈ 43Å. Compared to
dinter of the undoped compound the predicted reduction of the
distance of scattering centers ranges from 40-60%. This is exactly
reflected in the observed reduction of the mean free path by≈50%
with regard to the undoped compound. Therefore, regarding the
two doping levels, at least the overall mean values of lmag are con-
sistent with the discussion of κmag. However, looking at lmag in
more detail shows a puzzling behavior. For 11% Zn an increasing
mean free path with T is found. This does not seem likely. Further-
more, it is not possible to fit the results by equation 2.47. In general,
the temperature dependence of the mean free path upon doping
by static defects seems to be questionable. Therefore, a likely con-
clusion is, that the derivation of lmag by equation 2.46 is probably
to simplistic for CaCu2O3 and only the overall average values may
be taken seriously.
It could be possible that the rung angles change significantly
upon doping. This in turn should lead to changes of the ex-
change interactions and have an influence on κmag. The notion
was checked by calculating the change of the angles, using the
structure refinements from reference [256]. The change is found
to be about 0.25◦, from the undoped sample to the highest doping.
Therefore, this explanation can be ruled out.
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Figure 6.10: Magnetic thermal con-
ductivity κmag for the different levels
of doping. The fit is done by a power
law κfit,1 = aT c +b that is expected for
static defects in a Luttinger liquid.
c
undoped 1.22
0.11 Zn 1.54
0.35 Zn 2.47
Table 6.2: Exponents of the fit accord-
ing to equation 6.1 used in figure 6.8.
On a more speculative side, one may use the theory for static
defects introduced in section 2.5.3 to interpret the magnetic ther-
mal conductivity. There, a power law dependence for the thermal
conductivity as a function of temperature was predicted. As al-
ready discussed, only the results for 0% and 11% Zn can be fitted
by a power law given by κmag = aT c . According to the theory, the
exponent c is dependent on the defects in the spin chain. The pref-
actor a accounts for the details of the solid. Since the amount of
static defects outside of the chain changes upon doping, a is not
expected to stay constant in CaCu2O3. Introducing an additional
constant to account for possible differences of the sound velocity
between κb and κc , which were neglected during the estimation of
κmag, leads to the formula
κmag = aT c +b. (6.1)
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With the same b for all datasets, a very good fit as shown in fig-
ure 6.10 can be obtained. The values for c are given in table 6.2.
However, the necessary b is quite large, and therefore indicates a
large anisotropy in the sound velocities. This should be observable
in other experimental methods. While the underlying physics of
these fits is still far from being understood, at least the change of c
agrees qualitatively to the amount of Zn defects on Cu(1) sites.
The analysis of the neutron scattering results in reference [254]
focused on the possibility of confined spinons. While this is very
intriguing by its own, these bound spinons states should in princi-
ple also be observable in the thermal transport. Their most likely
occurrence would be, as a limit to the mean free path. Therefore it
is quite interesting to note, that all the observed overall mean free
paths can be described quite reasonably by spinon-defect scatter-
ing alone.
6.5 Summary
To sum up, the influence of Zn doping on the magnetic thermal
conductivity of CaCu2O3 was studied. For a low amount of Zn
the transport was actually enhanced. This lead to the conclusion
of Zn replacing off-chain copper atoms first. Off-chain Cu has
been shown to mediate an additional interchain exchange which
is switched off by the Zn effectively enhancing the quality of the
chains. For higher Zn doping, all the excess off-chain Cu is re-
placed by Zn and Zn starts to enter the spin chain. This goes along
with a decreased thermal conductivity of parabolic shape.
CHAPTER 7
Summary and Outlook
The true delight is in the finding out
rather than in the knowing.
Isaac Asimov
The focus of this workwas the investigation of the thermal con-
ductivity of one-dimensional spin systems. Putting all the results,
presented in this thesis, together, a consistent picture seems to
emerge for themagnetic heat transport by spinon excitations κmag.
As a function of temperature, at low temperatures, κmag is bal-
listic. This has been shown for high purity samples of the com-
pounds SrCuO2 and Sr2CuO3. The process leading to a finite ther-
mal conductivity, is extrinsic scattering of spinons on defects. This
ballistic transport is in accordance with theoretical predictions.
The temperature dependence of spinon-defect scattering can be
studied in non-magnetic doped CaCu2O3 over the whole tempera-
ture range, because of the high number of defects in the system. A
power-law increase was observed for all levels of doping.
For higher temperatures, spinon-phonon scattering proves to
be an effective mechanism, for limiting the magnetic thermal con-
ductivity. This was shown by comparing κmag from samples of
SrCuO2 and Sr2CuO3 with different purities. For higher purities,
due to the lower number of defects (i.e. decreased spinon-defect
scattering) and due to theoretical predictions, κmag should be in-
creased at all temperatures. However, above 150K all curves of
κmag approach each other. Around room temperature the abso-
lute values are virtually the same. Here the large number of excited
phonons provides a limitation for the spinon heat transport. In
systems with strong spin-phonon coupling, namely the titanium
oxyhalides TiOX, this scattering mechanism is so effective, that no
magnetic heat transport is found at all. Not much is known theo-
retically of the interplay between spinons and phonons. Therefore,
one of the future goals should be, to elucidate this process, in or-
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der to get correct predictions of the thermal conductivity at high
temperatures.
Static defects in a spin chain change its behavior. In a naive
picture, S = 0 impurities break the chain into finite segments and
act as barriers for the spinons. This should be reflected in a reduc-
tion of κmag. Indeed, this prediction is found to be true, for Mg
doped Sr2CuO3 and Zn doped CaCu2O3. In SrCuO2 the Mg doping
did not seem to have any influence on κmag. However, it was ar-
gued, that this is due to a non-negligible interchain coupling in this
compound. Regarding magnetic S = 1 impurities, the spinon heat
transport is reduced, as well. Surprisingly, the reduction is very
large and a spin gap is found. For this kind of impurity, the exper-
imental evidence is drawn from one compound only, namely Ni
doped SrCuO2. Further measurements in this direction, especially
on Sr2CuO3 are highly desirable. Additionally, the opening of a gap
makes Ni doped SrCuO2 an interesting system, to be studied with
other experimental techniques, namely inelastic neutron scatter-
ing. On the theoretical side, studies are currently undertaken to
model the influence of static defects in the chain. Some initial re-
sults can be found in reference [266].
Impurities outside of the spin chain, also have an impact on
the magnetic thermal transport. The experimental proof of this
behavior, comes from SrCuO2 doped with Ca on the Sr site. The
influence on κmag is surprising, since there is no direct interaction
mechanism. However, because of its different size compared to Sr,
Ca induces a chemical pressure on the spin chain. This leads to
a deformation of the chain in the vicinity of a Ca impurity, which
modulates the exchange couplings in the chain. As a likely expla-
nation, it was proposed, that κmag is very sensitive to these small
modulations of the exchange coupling. Further studies of Ca dop-
ing in Sr2CuO3 could lead to a more complete picture.
A significant contribution of κmag, up to room temperature,
has been found, so far, only in cuprate systems, although, other
compounds were investigated. To find additional, possibly non-
cuprate systems, with a large magnetic thermal conductivity,
should be a goal in future works. A large exchange interaction
of & 1500K seems to be a necessity for this. However, also cop-
per based, possible candidates for future studies are Ca2CuO3 and
MgCu2O3.
Another point of interest, are spin-chain compounds with a
small exchange coupling J/kB ≈ 10K. Such compounds are not ex-
pected to have a large contribution of κmag to the thermal trans-
port at room temperature. Nevertheless, the energy of the ex-
change interaction is in the range of the accessible magnetic en-
ergy of typical laboratory fields. This will allow studies of κmag
under the influence of an external field. This kind of experiments
have been undertaken recently [190] and are continued for differ-
ent kinds of materials.
Next to influencing spin chains by a magnetic field, it is pos-
sible to change some of the spin states by an optical experiment.
Summary and Outlook 105
These excitation then present scattering centers for the spinons.
Some ground work for such experiments has been presented in
section A.3 and further studies in this direction are currently being
pursued [267].
APPENDIX A
Loose ends
And while he had been inside the
ant’s body, he had also become
aware of all the other ants in the
nest. It was a bewildering feeling, as
if his mind had shattered into
thousands of fragments, yet each
fragment remained a coherent part
of the whole.
Spider World: The Desert, Colin
Wilson (1987)
Sometimes experiments prove not to be feasible to be contin-
ued. Be it for fundamental difficulties with the measurement, lack
of time, scientifical insignificance or the such. In the following re-
sults are shown, which do not justify a chapter by their ownbut are
nevertheless interesting enough to report.
A.1 Prussian blue
Called the first of the modern pigments, the compound Prus-
sian blue (FeIII4 (Fe
II(CN)6)3·14H2O) was synthesized around 1700
in Berlin, by a painter called Diesbach. Up to this time, the
only known stable and light-fast blue pigment known, was the ex-
tremely expensive ultramarine, made from lapis lazuli. Therefore,
the discovery of Prussianbluebroadened the range of available col-
ors for painters significantly. Its intense blue color stems from an
interaction of the different charges of the two iron ions. An exam-
ple for this color is given in figure A.1.
Figure A.1: The Great Wave off Kana-
gawa by the Japanese artistKatsushika
Hokusai whichmakes extensive use of
Prussian blue.
In research, especially the so-called Prussian blue analogues
AxM(M’(CN)6)y ·zH2O, with A being an alkali cation andM,M’ rep-
resenting d-block metal ions, are of interest. Review articles on
this broad topic may be found in reference [268–273]. For the spe-
cial Prussian blue analogue RbMn(Fe(CN)6)H2O a temperature in-
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Figure A.2: Thermal conductivity of
RbMn(Fe(CN)6)H2O and the theoret-
ical minimum thermal conductivity
κmin. Inset: Thermal conductivity in
a field of 8T (red squares) compared
to that without field (blue circles /
scaled).
duced change in themagnetization was found (cf. figure A.3) [274].
Between 320K and 150K the magnetization undergoes a hystere-
sis loop. This is due to a charge transfer between the Mn and Fe
ions. At low temperatures (LT phase) the system consists of low
spin FeII and high spin MnIII, whereas at high temperatures (HT
phase), low spin FeIII and high spinMnII are present. Furthermore,
the system undergoes a structural phase transition from cubic in
the HT phase, to tetragonal in the LT phase, due to a Jahn-Teller
distortion of the MnIII ion. More information regarding this mate-
rial can be found in reference [275–278]. A thorough overview of
the compound is given in reference [279].0 100 200 300
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Figure A.3: Susceptibility of
RbMn(Fe(CN)6)H2O for one cool-
ing and heating cycle. Reproduced
from [279].
A picture of the experimental setup can be found in figure A.4.
Figure A.2 shows the thermal conductivity of RbMn(Fe(CN)6)H2O
as a function of temperature. Starting from low temperatures up
to 150K the thermal conductivity κmonotonically increases with
rising temperature and has extremely small absolute values. Such
a behavior is typically found for the lattice thermal conductivity in
amorphous substances like glasses. The notion of κ being ham-
pered by the amorphous character of the material is corroborated
by the comparison of the data with the theoretical minimal ther-
mal conductivity κmin [53–55], which can be regarded a lower limit
of κ of insulating amorphous materials. Apparently, the measured
κ is only slightly larger than κmin up to 150K. Above 150K a hys-
teretic steep increase of κ by a factor of ≈ 2 is observed, which is
in correspondence with measurements of the magnetic suscepti-
bility from figure A.3. This anomaly is related to the temperature-
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driven switching of MnFe pairs between a HT and a LT configura-
tion. The difference in thermal conductivities between both con-
figurations indicates an increased scattering of phonons for the LT
phase and thus a higher degree of disorder in this phase as com-
pared to the HT phase. Note that it was not possible to acquire
data while heating between 260K and 300K because of an increas-
ing strain on the crystal that lead to some cracks. A field of up to
14T did not show any influence on the thermal conductivity and
hence the switching behavior. This is shown for a field of 8T in the
inset of figure A.2. Repeated temperature cycles led to a decay of
the sample and therefore to a decrease of the thermal conductiv-
ity. Because of this the curve in zero field taken after the measure-
ments in field had to be scaled up for a comparison.
Figure A.4: Setup for a thermal con-
ductivity measurement with a typical
small crystal of RbMn(Fe(CN)6)H2O.
A.2 Telephone number compound
As byproduct of the copper based high temperature supercon-
ductors [280], a lot of work has been done on the so-called tele-
phone number compound series of crystals (Ca,La,Sr)14Cu24O41.
The crystals however exhibit superconducting behavior only un-
der pressure [281]. An overview of the physics of these compounds
is found in references [44, 282–284]. One building block of those
crystals are spin ladders. The dispersion relation of a ladder is dif-
ferent from that of a chain and shows a gap. This is illustrated
in figure A.5, and was experimentally verified by inelastic neutron
scattering [285]. In the telephone number compound, the ladders
are formed by Cu-O-Cu superexchange. The exchange interaction
between the legs Jleg and rungs Jrung is high, although controver-
sial results exist, regarding the exact magnitude of J . These results
range from Jleg/kB ≈ Jrung/kB ≈ 1280K to roughly 1500K [286].
The magnetic heat transport is these systems is large, which has
already been illustrated in section 2.5.1. An in depth disquisi-
tion on the heat transport of these systems can be found in refer-
ences [44, 287].
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Figure A.5: Dispersion relation of a
spin ladder.
A.2.1 La5Ca9Cu24O41 + 2.4% Zn
The formal valency for the chemical undoped parent compound
Sr14Cu24O41 is given by (Sr2+)14(Cu2.25+)24(O2−)41. For the mag-
netic structure, this means an intrinsic hole doping with roughly
six holes per formula unit [288–290]. A substitution of Sr2+ by La3+
reduces the overall number of holes. Formally, a hole free state is
achieved at a stoichiometry of La6(Ca,Sr)8Cu24O41. Unfortunately,
such a composition is not stable and the highest amount of La, to
be found in a single crystal, was La5.2. However, only a fraction of
the holes is located in the ladder substructure. For Sr14Cu24O41
this boils down to one hole per formula unit. If some of the Sr
is substituted by La, the ladders become basically hole free [290].
Since the holes act as scattering centers, it is not surprising, that
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Figure A.6: Thermal conductivity of
La5Ca9Cu24O41 with and without Zn
doping parallel κc and perpendicular
κa to the spin ladder structure.
the overall highest κmag has been found for La5Ca9Cu24O41. What
is surprising, is the absolute value of κmag at room temperature,
which is of the order of ≈ 100Wm−1K−1 [99, 100]. This is very large
and in the range of a metallic heat conductor. A theoretical treat-
ment on the high thermal conductivity of ladder systems can be
found in reference [291].
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Figure A.7: Magnetic mean free path
of undoped La5Ca9Cu24O41 (red
squares) and with 2.4% Zn doping
(black circles).
Substituting some of the Cu atoms with non magnetic Zn is
supposed to lead to breaks in the ladders and reduce the mag-
netic heat transport. Figure A.6 indeed shows the expected be-
havior. Looking at the curves perpendicular to the spin ladder
first, a small maximum at low temperatures is followed by an al-
most constant thermal conductivity up to room temperature. Al-
though a text book phononic thermal conductivity is expected to
decrease with κ ∼ T−1, a constant thermal conductivity can hint
at a disordered lattice structure or at the participation of optical
phonons in the thermal transport [58]. Indeed in reference [99]
this behavior was partly attributed to structural defects, due to the
occupancy of a lattice site by a random distribution of La3+ and
Ca2+ ions with strongly different sizes. The notion of the thermal
conductivity being suppressed due to disorder is further corrobo-
rated by the fact, that almost no change in κa is visible, when look-
ing at the doped compound. Parallel to the spin ladder, the ther-
mal conductivity of the undoped compound shows a double peak
structure, with a dominating maximum around 150K. This sec-
ond peak is attributed to magnetic transport. The Zn doping has
a tremendous effect on the magnetic thermal conductivity. The
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Figure A.8: Thermal conductivity of
La4Sr10Cu24O41 parallel κc (closed
circles) and perpendicular κb (open
circles) to the spin ladder struc-
ture. Shown as dashed line is the
thermal conductivity of undoped
La5Ca9Cu24O41 parallel to the ladders
as comparison.
inclusion of 2.4% Zn leads to a decrease by a factor of ≈ 9 at the
maximum. Even more, the mean free path (cf. to figure A.7) at
room temperature is reduced to 40Å compared to the ≈ 500Å for
the undoped compound. Assuming an equal distribution of Zn
ions over all possible copper sites leads to a mean Zn-Zn distance
of dZnZn,all ≈ 81Å. A much better agreement to the mean free path
with dZn−Zn,ladder ≈ 47Å is found, by only distributing Zn through-
out the ladder.
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Figure A.9: Magnetic mean free path
of La4Sr10Cu24O41 (black circles)
and undoped La5Ca9Cu24O41(red
squares).
The compound La4Sr10Cu24O41 can also be assumed to have hole
free ladders. Therefore, it is also expected to have a high magnetic
thermal conductivity. Figure A.8 shows the thermal conductivity
of the compound parallel (κc ) and perpendicular (κb) to the spin
ladders. Perpendicular to the ladders, a typical phononic conduc-
tivity equal to that of the compounds in section A.2.1 is found.
Parallel to the chain, the prominent double peak structure, also
seen in other stoichiometries of the telephone number compound,
is found. Compared to La5Ca9Cu24O41, the high-T peak is a bit
smaller and centered at a lower temperature. Additionally, the
room temperature value of κ is only 50Wm−1K−1. This is roughly
half the size of that of La5Ca9Cu24O41. This is reflected by an over-
all smaller magnetic mean free path as is shown in figure A.9.
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Figure A.10: Switching heat conduc-
tivity in SrCuO2 by a laser. After 120
seconds of measurement, the sample
is illuminated by a laser. This results
in a decrease of the thermal voltage,
which corresponds to a decrease of the
the thermal conductivityof about 15%.
A.3 Optical switching
As κ ∼ nsvlmag (cf. section 2.2), one can imagine to tune these
properties by an optical experiment, in order to change the value
of κ. Although the velocity of excitations v is not accessible, the
overall number of magnetic excitations n can be influenced. This
is possible by magnon pumping or by heating the sample with
a laser. Additionally the mean free path lmag may be influenced
by optical excitations that lead to a different spin state and hence
present scattering centers.
Figure A.11: Experimental setup for
the measurement of the thermal con-
ductivity in an optical cryostat.
As an initial proof of concept, it was attempted to employ the
steady state technique for measurements of the thermal conduc-
tivity in an optical cryostat. Therefore a special inset shown in
figure A.11 was built and installed on the cold finger of the cryo-
stat. The inset contained an experimental setup, as described in
figure 3.1. With a temperature sensor close to the sample, the
temperature stability of the heat reservoir was monitored. With
a relative temperature change of less than 0.01%, the optical cryo-
stat was found to be good enough for steady state measurements.
Thus the thermal conductivity was measured at several tempera-
tures. As figure A.13 illustrates, it agrees reasonably well to results
determined by the setup discussed in chapter 3. In a next step, the
sample was illuminated with laser light in order change the sam-
ple temperature in a small region. As seen in figure A.10, the effect
on the thermal voltage is quite visible and the heating leads to a lo-
cal change of the thermal conductivity by 15%. The oscillations of
the thermal voltage in figure A.10 are due to poor shielding of the
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Figure A.12: Hysteresis of the thermal
conductivity of La5Ca9Cu24O41doped
with 2.4% Zn shown by blue squares.
One week of annealing at 800°C seems
to remove the hysteretic behavior.
The resulting thermal conductivity is
shown by green circles.
connector plug from the optical cryostat and may be reduced to a
large extent by the use of a suitable connector.
A.4 Thermal hystereses
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Figure A.13: Thermal conductivity of
SrCuO2 (blue circles) parallel to the
spin chain structure as measured in
the optical cryostat. Shown by the
solid line are the results from litera-
ture. [97]
For cuprates, with largemagnetic thermal conductivity, it has been
a long-standing issue, that the thermal conductivity shows a hys-
teretic behavior for repeated cooling and heating cycles [16, 44,
97, 98]. However, this behavior is only found parallel to the low-
dimensional structure. Examples are illustrated in figures A.12
and A.14. For the telephone number compound, shown in fig-
ure A.12, the thermal conductivity above 200K is lowered, when
measuring from low temperatures to high temperatures (heating),
as compared to the previous measurement, that started at room
temperature and ended at low temperatures (cooling). The op-
posite behavior is observed for Sr0.975Ca0.0125CuO2, shown in fig-
ure A.14. In this compound, repeated cooling and heating cycles
increase the thermal conductivity.
While this hysteretic behavior does not change the qualitative
observation of magnetic heat transport, it complicates a quantita-
tive analysis. As it turned out, a heat treatment of the crystals in
an oxygen atmosphere, at ≈ 80% of the melting point of the sam-
ple, over at least seven days, strongly suppressed the hysteretic ef-
fects. This behavior can be found in figure A.12 and figure A.14.
Annealing the sample for a smaller period of time, did not lead to
the desired results. This can be seen in figure A.15. In this case, the
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Figure A.14: Repeated cycles of
cooling and heating while mea-
suring the thermal conductivity of
Sr0.975Ca0.0125CuO2 before (gray
lines with circles) and after annealing
(colored symbols) for one week at
800°C. Inset: Enlarged part for high
temperatures. The arrow indicates the
change of κ for repeated cooling and
heating cycles.
sample was first annealed for only two days. The observed ther-
mal conductivity is still fluctuating and repeated cooling and heat-
ing cycles increase κ. An additional heat treatment of seven days
reduced these changes drastically.
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Figure A.15: Repeated temperature cy-
cles for Sr0.95Ca0.05CuO2 after 2 days
(gray lines with circles) and after addi-
tional 7 days (colored symbols) of an-
nealing at 800°C.
It was not necessary, to anneal the high purity (99.99%) crystals
of SrCuO2 and Sr2CuO3. Theywere always kept under vacuumcon-
ditions in a desiccator and were cut with a different saw1, which
1Unipress WS 22 High Precision
Wire Saw
imposes very little stress on the sample. No hysteretic behavior
was observed in any of the measurements, i.e. all thermal conduc-
tivity measurements on these crystals were fully reproducible.
Annealing can have several effects and an identification of the
relevant one for the reductionof thehystereses is not possiblewith-
out resorting to additional experimental methods. Nevertheless,
some of the possible implications are discussed in the following.
First, when left in air, at room temperature, SrCuO2 and Sr2CuO3
form a hydroxide layer at the surface. This process is reversed by
annealing. Since this layer masks the intrinsic susceptibility, an-
nealing is very important for these kinds ofmeasurements. A dwell
time of two days in the furnace proved to be enough, in this case.
The telephone number compound is much more stable and does
not form such a layer. However, it also shows a thermal hystere-
sis. Therefore, this surface effect can be excluded for the relevance
to the thermal hystereses. Second, annealing may change the oxy-
gen content of the sample. The stoichiometry of SrCuO2 is usually
not perfect, but contains either too much or too little oxygen. In
reference [220], it was discussed, that the magnetic heat transport
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of high purity samples of SrCuO2 is strongly enhanced by anneal-
ing. In this case, the crystals most likely had an oxygen deficiency,
which was reduced by the oxygenation. The results in section 5.3,
whichmatch the enhanced thermal conductivity of reference [220]
were obtained without annealing. This indicates, that for these
crystals, the stoichiometry is much better. This is possibly related
to the growth rate of the crystal, whichwasmuch lower for the crys-
tals used for the measurements from section 5.3. The oxygenation
mechanism is in principle also expected for the telephone num-
ber compound. Therefore, oxygen vacancies may play a part in
the thermal hystereses. Additionally, annealing can relax stresses
in the sample, which may also contribute to the thermal hystere-
ses.
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